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ABSTRACT

Chapter one reviewed the development of sol-gel stationary phase for gas
chromatograph (GC). Inorganic sol-gel precursor creates the substrate support
for stationary phase bind to silica surface through the condensation of silanol
groups. The rough surface with enhanced surface area enlarger the capacity of
the sol-gel stationary phase, the porosity of sol-gel structure decreases the mass
transferring coefficient, the term C in Van Deemter equation, which makes solgel stationary phase thicker coating up to 1 µm but keeps the high resolution for
gas chromatography. Chemical bound stationary phase significantly improve GC
column with better thermal stability and solvent stability. Partial derivatizations
of known polymers have not increased the column performance but remained at
the same level of 3200 plates per meter. The sol-gel chemistry with essential
structure rebuilding will make sol-gel stationary phase to a new level.
Chapter two reported the non-silica-based metal alkoxide oxide as the new
building block, cooperated with known polymer poly (dimethyl diphenyl
siloxane), developed the original nonpolar feature of the stationary phase to
broad the polarity from the nonpolar to extreme polar, overcome the thermal
stability for other types of polar column. The theoretical plate number reached
the 3200 plates per meter, and the optimized plate number arrived at the top
level at 3807 plates per meter. The basic recipe and preparation of sol-gel process

xii

were verified by tungsten alkoxide incorporated with poly (dimethyl diphenyl
siloxane) as the stationary phase which arrived the same plate number level at
3800 per meter.
Chapter three demonstrated the new ideal of the surface sol-gel process
for GC stationary phase. Without the catalyst, the sol solution has constant viscosity and gelation time is much longer, the sol-gel reaction was taking on the
silica surface only, to accomplish the thinner coating for sol-gel stationary phase.
From the retention time of the grob mixture, the surface sol-gel coated 2 meters
of column acquired the half retention time, grob mixture analytes were eluted
within 7 minutes, compared with conventional sol-gel coated column eluted
within 14 minutes. Without the TFA as the catalyst, the sol-gel matrix may not
form effective surface area and porosity to support the functional polymer for
separation, the column performances were two third of the protocol column, at
1500-2500 plate number per meter. The coating results proved the sol-gel stationary phase could be fulfilled with diluted sol solution by static coating. Basic
parameters for dynamic coating and static coating with conventional coating and
surface sol-gel were acquired for further development. The germania and
niobium precursor is highly active, the water amount in the solvents used as
received without drying process can meet the surface sol-gel coating without
precipitates and gelation formed before finishing coat.
For germaia -PDMDPS column, thermal stability is critical because of the
temperature for remaining the low residual OH- group in silica and germania
film at 350 °C.

xiii

Chapter four demonstrated the preparation of core-shell particle for HPLC.
Conventional silica core particles were prepared with stöbe methods. The extended layer of germanium oxide coating was made with acid and alkaline as a
catalyst. EDS characterize the extended layers of germanium oxide has been
coated at ratio above 12/1(Ge/Si). Then the carbon loading with C18 for surface
derivatization was also confirmed with EDS testing. 2 µm core-shell particles
were successfully prepared from the external composition (1.7 µm core, 0.3 µm
shell). The function of the core-shell particles was slurry packed with 5cm regular steel column and the capillary column with sol-gel frit. The preliminary HPLC
testing showed the core-shell particles had more retention ability compare with
4 µm commercial core particles. The backpressure of the short steel column and
capillary both were beyond the pressure limit of conventional HPLC pump.

xiv

CHAPTER ONE: SOL-GEL GAS CHROMATOGRAPHY
STATIONARY PHASES—A REVIEW

1. Background of Sol-gel gas Chromatography

Ebelman et al. started the sol-gel methodology in 1845[1], observed the formation of a transparent glass obtained from SiCl4 and ethanol[2]. Initially, the
sol-gel exploration focused on silica and silicate glass, the creation of a transparent material was made by slowly hydrolyzing silicic acid[1, 3] with silicabased monomers. Now many new non-silica-based monomers have been developed. Kistler described the ﬁrst synthesis of highly porous silica (SiO2) form as
an “aerogel”, by supercritical drying the gel obtained by hydrolytic polycondensation of silicic acid [Si(OH)4] [4].
In 1949, Dickey entrapped organic dyes in a silica matrix prepared at room
temperature starting from an aqueous solution of sodium silicate[5], aimed selectively adsorbing molecular with a structure resembling template. Shortly afterward, Dickey in Israel began to from a mixture of an organically modiﬁed
silane (phenyl or ethyl trimethoxysilanes, RSi(OCH3)3) along with Si(OCH3)4 to

1

make the reversed phase organic silica gel to entrap another dye precursor, pyrene [6].
In 1939 Geffcken and Berger of Schott Glaswerke in Germany, developed a
sol−gel method for preparing single oxide coatings[7], whose large-scale application for coating automotive rear-view mirrors started in 1959.
In 1985, Schmidt disclosed the reverse phase silicas, derived from silicon
alkoxides in which one of the hydrolyzable groups is substrate by an organic
moiety connected to the silicon atom [8]

Kolbe [9] first observed the formation of spherical particles by the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in an ammonia, alcohol
and water mixture. StÖber and co-workers [10] based their development as an
extension of their work by an improvement of this method through the incorporation of organic ligands in the sol-gel network by condensation of tetraalkoxysilane and alkyltrialkoxysilane. Stöber recognized the importance of the
synthesis of monodisperse spherical particles when they investigated the experimental conditions that led to the formation of uniform, spherical silica particles
the monodisperse, sub-micrometer, nonporous silica spheres. Since then there
has been the widespread application of the sol-gel methodology as a platform to
improve and introduce new chromatographic sample preparation techniques
and columns for separation. Other modes of liquid chromatography also found
improvement such as developing charged stationary phase for capillary electrochromatography (CEC) [8].
2

The sol-gel process is a method for material synthesis producing of producing of polymeric solid materials from small precursor molecules. The process
involves the conversion of monomers as precursor into a colloidal solution (sol),
and then form an integrated network (or gel), either in discrete particles or network polymers. The sol-gel process involves four stages: (1) hydrolysis, (2) condensation, (3) polymerization, (4) gelation. Several factors such as the concentration of the reactants, pH, temperature, and additives, Influenced these processes.
Sol-gel synthesis offers a degree of controlling the composition and the
structure at the molecular level. The main advantages of the sol-gel method are
(1) low processing temperature (2) the possibility to cast coatings in complex
shapes, and (3) less impurity brought to the final product.

2. OH-terminated polymer as deactivation reagent
The early use of linear hydroxyl-terminated polymers as the stationary
phase was made through hydrolysis of chlorosilanes, and after hydrolysis with
the vapor of water, the chlorosilane released HCl and the main products were
linear hydroxyl terminated siloxane, which further polymerized to gum, coated
to the inner wall of the glass capillary. These reaction systems looked like the
earlier sol-gel reaction very much: acidic environment supplied by the side product of HCl as a catalyst, hydroxyl-terminated siloxane was polymerized to gum,
which had very high MW, suitable for using as a stationary phase for GC.
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Blum et al. applied OH-terminated phases including OV-1701-OH, OV-31OH (17% cyanopropyl), OV-61-OH, and OV-17-OH, and the apolar phases PS347.5 and PS-086 to provide a new way for coating on the leached glass capillary
columns [11], substantially increased the inertness and thermal stability of the
column. Column coated with OH-terminated phases had higher separation efficiency than that of columns with traditional coatings. The surface-bonded molecules were immobilized without the addition of a free radical generator. The
underlying supporting effect was a condensation reaction between terminal silanol groups of the phase and the residual surface silanols. Thereby condensation produced the inertness of stationary phase. The volatile azo compound was
used for creating the radical initiator crossing linking after the OH-terminated
polymer coated column. These indicated that silanol groups did not react completely, the further deactivation of the residual silanols was required. Blum el al.
prepared a glass capillary column with OH-terminated polysiloxane stationary
phase (PS-089) for analysis of the antioxidants and UV-stabilizers at high temperature up to 420 °C [12]. Crossing linking contributed to achieving improved
the thermal stability.
Bumgard et al. applied OV-61-OH (33% phenyl), and two phenyl-substituted siloxane/silarylene copolymers, siloxane 3 (27% phenyl) and 4 (36% phenyl), coated on untreated fused silica with the best thermal stability, the importance of grafting reactions lied in that the heat treatment deactivated some
adsorptive sites of the column. OH-terminated polymers were used as surface
silylation reagent for column deactivation. The silarylene was introduced into the
4

stationary phase for improving thermal stability up to 370 °C for 50 hours with
low stationary phase bleeding [13].
Aichholz el al. prepared capillary glass column with the OV-225-OH (25%
phenylmethyl-25% cyanopropyl-methylpolysiloxane, hydroxy-terminated) phase
showed better separation than the stationary phases SOP-50 (50% diphenyl-50%
dimethylpolysiloxane, methoxy-terminated) for the separation of the fatty acids
and their methyl esters of the seed oil of Allophylus edulis with high-resolution
[14]. Based on their structure, 25% cyanopropy could be thought of as the polar
modification of the stationary phase of SOP-50. The alkoxysilanes were introduced as crosslinkers [15] to the coating solution of PS 184.5 (OH-terminated
(3,3,3-trifluoropropyl)methylpolysiloxane),

the function of alkoxysilanes was

claimed to avoid droplet formation after column conditioning. The stable film
displayed good inertness up to 330°. However, little catalytic activity of this column was observed.

Summary for OH-terminated polymer before the advent sol-gel GC stationary phase
(1) OH-terminated polymers were used to coat capillary GC column, with
a broad polarity range including the OH-PDMS, CN-PDMS, as well as further
modified the side chain of PDMS, directly applied for deactivation of the absorptive sites of the surface of the capillary column before coating.
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(2) Alkoxysilanes were introduced as crosslinking, typical 5% of the
amount of OH-terminated polymer, but no catalysis was used, so sol-gel threedimensional network may not form if no hydrolysis of alkoxysilanes took place.
(3) Without the catalyst, a reagent such as free radical reagents was added
to the stationary phase together for crossing linking.
(4) Static coating technique was used to coat the pre-deactivated glass capillary or fused silica capillary, with very high resolution, but fewer reports on
column performances have been published.
(5) Reactions of OH-terminated functional groups were used to introduce
the phenylene group to achieve high thermal stability of stationary phase.

3. The emergence of sol-gel gas chromatography
Malik and co-workers developed a stationary phase in capillary electrophoresis chromatography [16]. The first sol-gel GC column was reported in 1997
[17]. The coating solution used for the preparation of sol-gel stationary phase for
GC column consists of four principal reagents: an alkoxide as a sol-gel precursor,
OH-terminated PDMS as a sol-gel-active polymer, TFA as the catalyst and cosolvent, and PMHS as the deactivation reagent. Since then, 20 years have passed,
many research groups have developed sol-gel GC column based on the underlying protocol of the GC column. Wang and co-workers[18-20] reported a series of
traditional stationary phase coated with the sol-gel process in Chinese Journals.
β-Cyclodextrin with different derivatization on the seven hydroxyl groups of the
sugar unit was reported by multiple groups [20-35] with a silica-based sol-gel
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matrix. Several reports adopt the nanoparticles, nanofibers, as well as nanotubes
to improve the immobilization and thermal stability. Those reports followed the
protocol of the first sol-gel GC column [17], and the column performance was
remained practically at the same level, with theoretical plates number about
3000 plates per meter.
This review will focus on sol-gel stationary phases for GC column, possible
ways for improving sol-gel GC column performance, as well as the essential characterizations related to the sol-gel process. For sol-gel GC columns with same
type materials, the content will focus on the first report or highest column performance only. Sol-gel technology other than chromatography fields has seen
active sol-gel development and widespread application. Very systematic research
regarding the sol-gel reaction mechanism, reactants ratio, reaction temperature,
aging process, porous structures were the investigated in detailed. The sol-gel
chemistry basic research will facilitate further the exploration of stationary
phase for gas chromatography.

3.1. Pretreatment of fused silica capillary

The purpose of pretreatment of the capillary is to clean the capillary surface from possible contaminates, remove adsorbed water from the surface,
achieve homogenous distribution of the silanol groups on the capillary surface.
Compared to other forms of glass materials, fused-silica is characterized
by a high degree of chemical inertness which is primarily due to the very low
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levels of metal and surface silanol group concentrations. Because of its flexibility,
mechanical strength, ease in handling, fused-silica capillary with a protective
outer coating is the most commonly used type of capillary for the preparation of
GC columns.
The surface of the fused silica capillary consists mainly of siloxane (Si-OSi) and silanol (Si-OH) groups. The reduced silanol concentration on the inner
surface of fused-silica capillary provides desired adsorption inertness to the material. At the same time, low surface silanol concentration makes it more difficult
to chemically bind an in situ created coating onto the capillary inner walls, because the silanol groups are the only chemical sites for chemically anchoring of
in situ generated surface coating.
Hydrolysis of silicon tetrachloride makes synthetic fused silica, low level
of residual hydrogen chloride remains on the surface. Nitric acid is present due
to the oxidation of atmospheric nitrogen during the high temperature (>1800 °C)
capillary drawing step [36]. For providing a neutral deactivated surface, the acid
and water must be removed first. This is usually accomplished using a high temperature (200 °C) inert gas purge.
The first step in sol-gel open-tubular column technology is to increase the
surface silanol coverage of the silica surface. For this purpose, the capillary inner
surface is first cleaned by sequentially passing various solvents through the capillary followed by drying of the cleaned surface by purging with an inert gas.
The washed and dried fused-silica surface is then subjected either to chemical
treatment with an alkali solution [37] or hydrothermal treatment [38].
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The alkali treatment is usually carried out at room temperature and consists of passing a NaOH solution (0.1 M) through the capillary whereby the siloxane bridges on the fused-silica surface are hydrolyzed generating silanol
groups. Hydrothermal treatment [38] achieves the same objective by reacting the
siloxane bridges on the capillary surface with water at an elevated temperature
( 250 °C) [39]. For this, the cleaned and dried fused-silica capillary surface is
dynamically coated with a thin film of water by passing a short plug of deionized
water. Following this, both ends of the capillary are sealed using an oxyacetylene
torch and the sealed capillary is heated under temperature programmed conditions whereby the oven temperature is raised at a constant rate from an initial
value (40 °C) to a final value of 250°C where it is heated for a desired period (2
h). After this, the capillary was cooled down to room temperature, both of its
ends are cut open, and its hydrothermally treated inner surface is dried by purging with an inert gas. The capillary inner surface was ready for being coated with
a thin-layer sol-gel stationary phase.

3.2. Sol-gel reaction reagents
Four critical ingredients are including:
(1) precursor, the sol-gel precursors, are alkoxides, to provide the bonding hydroxyl groups for polycondensation among the three parts: Forming the
fibrous branches, binding on the inner surface of silica surface, cross-linking
with the sol-gel polymer.
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(2) OH-terminated polymer: to use as the functional part of the stationary phase, with specific selectivity and stability.
(3) Catalyst, to catalyze the hydrolysis and the polycondensation reaction. For a highly active precursor, the chelating agent is used as reduced the
rate of hydrolysis, in case of forming the precipitate or fast gelation.
(4) Deactivating agent: to binding with the hydroxyl groups, to reduce the
activities of the sol-gel matrix and the surface hydroxyl group of the silica substrate.
In additional above four reagents, porogens are used to enlarge the pores
or porosity. The template is used for making a specific structure for the function
molecular recognized sites.

3.2.1. Sol-gel precursors [40]

Alkoxide precursors are the typical precursor for the oxide-based sol-gel
products, silica-based alkoxide precursors are the primary precursors, recently
the non-silica-based sol-gel precursors with high chemical stability and solvent
stability.
Binker et al. did systematic research on the silica-based precursor, TEOS,
the viscosity, porosity, surface area, kinetic mechanism of the silica-based solgel reaction have been reported. However, many aspects of the arrangement of
hydrolysis

and

polycondensation

remain
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unknown.

For

instance,

the

arrangement of the electrophilic and nucleophilic substation for the fast hydrolysis both have the favorable evidence.

3.2.2. Sol-gel active polymers
There are many sol-gel stationary phases for GC were reported, based on
the polarity of conventional stationary phase and the most commonly used, for
polymer structure modification, the stationary phase will keep in the same category of backbone or building blocks, monomers.
PDMS, PEG, cyclodextrins, as well as other polymers with hydroxyl,
terminated groups.

3.2.3. Sol-gel reactions catalysts and their mechanisms
3.2.3.1 Acid catalyst
Acid-catalyzed Sol-gel reactions get hydrolysis and form liner condensation product to dominate than a spherical particle. Relatively strong organic acids provided the short gelation time advantage. In such a system, the organic
acid not only played its traditional role as a catalyst but also entered esterification reaction with the alcohol molecules generated as a catalyst solvent
esterification group exchanged result of hydrolysis of alkoxysilane precursors,
thereby favorably shifting the reaction equilibrium to the direction of hydrolysis
product formation. This primary focus will be on sol-gel processes that are based
on the hydrolytic polycondensation mechanism to create sol-gel stationary
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phases with desirable chromatographic properties with a three-dimensional network structure, other than spherical particles formed.

Figure 1-1 Film thickness vs. annealing temperature
adapted from Ref [41]

For the sol-gel solution preparation, TEOS, ethanol, and catalysts in water
(mixed with EtOH in equal volume) were mixed in the molar ratios of 1: 2.3: 5.
Then, the solutions were refluxed from room to 70◦C (∼3◦C/min) for 2.5 hrs and
12

aged for 24 hours at room temperature. Half the volume then diluted them before
spin coat. Although this coating was done with spin coating, this acidic ethanol
solution could remain not gelation within 24 hours, which was suitable for static
coating. Acetate acid, HF, and NH4OH were excluded due to the precipitates
formed after 24 hours which cannot coat on Si wafer.

Figure 1-2 Porosity for acid catalyzed sol-gel
adapted from Ref [41]
The low viscosity of sols yields thinner spun films, but more porous asdeposited gel films. This porosity was due to the formation of peculiar particles
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in the solutions with a high concentration of hydroxyl groups (-OH) which condense to some extent during film deposition and oppose the compactness of film
structures, thus increasing the porosity of the as-deposited films. Due to the
lower concentration of OH groups, the structure experiences less condensation,
and it collapses to some extent during film formation, and consequently results
in less porous as-deposited films. The stress in the sol-gel films is sensitive to
the type and concentration of catalyst used; by choosing a catalyst and adjusting
its level (pH), the burden can be significantly reduced.

Figure 1-3 Porosity vs.sol-gel annealing temp, adapted from Ref [41]
Formic and TFA were the most commonly used gelation agents. Each was
also used dried to the extent possible via anhydrides. Some other carboxylic acids were explored, either as neat liquids or dissolved in co-solvents. Acids whose
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pKa is < about 4.0 showed the rapid gelling behavior, while weaker acids appear
to react at least two orders of magnitude more slowly.

3.2.3.1.1. Effect of acid concentration on gelation time
Sharad D. Bhagat et al. investigated the hydrolysis and condensation reactions of tetraethoxysilane (TEOS) proceeded in methanol solvent with oxalic
acid and NH4OH as the catalysts, respectively with an increase from 0.0005 to
0.1 M, the gelation time decrease from 2 hours to 15 minutes. The volume
shrinkage of the aerogel from 40% to 15%, the porosity was remained at about
95%.

3.2.3.2. Base-catalyzed the sol-gel process
A base-catalyst condition which enhances the polycondensation of the acid
hydrolysis product will favor the stability of the stationary phase. The condensation rate is faster than the hydrolysis rate creating favorable conditions for the
formation of highly branched polymeric structures and particle formation, basecatalyzed sol-gel materials possess low porosity and drastically reduced surface
area. For Example, using tetraethyl alkoxide (TEOS) as the precursor and hydroxyl-terminated polydimethylsiloxane (PDMS) as a polymer, base catalyzed
sol-gel was formed. After hydrolysis, through condensation of the silanol group,
sub-particles were established, the polymer chain took the role as the bridge to
link the particles in the sol. Introduction of nonpolar polymer PDMS into the
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silica sol also increased the hydrophobicity and hence the durability of the Antireflection coatings in wet environments [42].

Figure 1-4 Base-catalyzed sol-gel process and PDMS-bridge
Adapted from [22]

Figure 1-5 Acid-base two steps catalyzed sol-gel reactions
adapted from Ref [23]
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Figure 1-6 MTMS -derived aerogel, adapted from Ref [23]

Figure 1-7 The degree of polymerization of silanols exhibiting
(a) Flexible structure and (b) Rigid structure [43]

3.2.3.3. Acid-base two stage catalyze the sol-gel process
The aerogel was prepared with oxalic acid hydrolysis and ammonia hydride
condensation with colossal surface area 1000m2 g-1, 99% porosity. This twostage sol-gel process could be for GC stationary phase with a porous structure.
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These two stages of acid-base catalyze found the hydrolysis and condensation at the optimum condition as oxalic acid 0.001 M and 10 M ammonia Hydroxide for two days gelled with high flexible aerogel.
Two steps of the sol-gel process had less volume shrinkage from 30% to
10%, compares with one step sol-gel process.

3.2.3.4 Transition metal catalyst
Tin catalyst Catalysts and the structure of SiO2 sol-gel film[44]. Dibutyldilaurate tin was investigated as a neutral poly-condensation catalyst for hybrid
ceramics. The chemical bonding between the polymer polydimethylsiloxane and
the silica fragments formed by the TEOS, when dibutyl-dilaurate tin was used
as the catalyst. SEM showed that the organic modified silane-dibutyl-dilaurate
tin coating was deposited homogeneously while organic modified silane-acid
form a heterogeneous? The corrosion rate assessed the anticorrosive behavior
was determined as organic modified silane-dibutyl-dilaurate tin < organic modified silane-acid< polymer coating < aluminum surface.
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Figure 1-8 Tin-catalyzed TEOS cross-links with the PDMS
Adapted from Ref [45]

3.2.4. Deactivation of sol-gel stationary phase

3.2.4.1 HMDS

HMDS is a convenience deactivation reagent [46], and the trimethyl
siloxane is the main product to bind with a silanol group, ammonia is the side
product is easy to remove in capillary GC column. However, recently the deactivation product on the fused silica surface may have an adverse effect on the GC
column. The presence of the amino group as SiNH was confirmed by FT-IR, one
of the reasons why very high-temperature silylation with disilazanes does not
provide a satisfactory deactivation of fused silica GC columns. Above ca. 400°C
19

the intermediate cleavage product Me3SiNH, reacts with surface silanol groups
to affect the surface and stationary with the basic functional group.

Figure 1-9 HMDS with undesired base deactivation
Adapted from Ref [46]
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3.2.4.2 Deactivation with PMHS

Figure 1-10 Deactivation of the silica surface, adapted from Ref [47]

Figure 1-11 Stationary phase activated by water , adapted from Ref [47]

Figure 1-12 Deactivation with PMHS, adapted from Ref [47]
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Undergoes hydrolysis and condensation forming siloxane crosslinks in the
material, up to 90% of VTMOS grafting was obtained. Crosslinking of vinyl
groups with VTMOS and incorporating silanol-terminated poly(dimethylsiloxane)
(OH-PDMS) displayed the improved modulus, strength, and impact toughness,
but showing a decrease in flexibility. The formation of longer siloxane crosslinks
with OH-PDMS linkages resulted in improved flexibility and tensile toughness.
This was unusual for polymers toughened through crosslinking reactions [48]

3.3. Coating a fused silica capillary with a sol-gel stationary phase
The objective of the coating procedure is to lay down a homogenous film of
stationary, usually 0.1 to 2 µm thick. Static coating technology coats
conventional a stationary phase and rarely by a dynamic coating technique. Solgel stationary phases involve in situ creation of the sol-gel coating and its direct
chemical bonding to the capillary surface. The specific coating of the sol-gel
stationary phase was coated for the 3-D sol-gel network by remaining the sol
solution in the capillary for 15 min to 30 minutes. The coating and immobilization were finished in a single step. Only one stationary with β cyclodextrin was
reported coating with a static coating. Some reviewer criticized the sol-gel stationary phase cannot be coated with a static coating; this was not the case, the
static coating may not be disclosed for commercial purpose.
Static coating and dynamic coating are the two most frequently used methods to produce wall-coated open-tubular fused silica columns. The static coating
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is more reproducible with higher efficiency, while the dynamic coating is more
practical for basic needs in the lab.

3.3.1. Dynamic coating
With dynamic coating, a plug of stationary phase in a suitable solvent is
pushed through the column by the flow of inert gas. Stationary-phase film thickness can be controlled using the plug velocity and the stationary phase concentration in the solvent. After the plug is expelled from the end of the column, the
excess solution is purged by continued gas flow leaving behind a film of stationary phase on the wall of the fused-silica tube. There are many modifications to
this general approach. Such as several cent meters of mercury plug to purge the
coating solution. The dynamic coating is a fast process, but it is hard to get the
uniform film. The open end has higher pressure due to the velocity of flow is
faster due to the break effect to the exit of a capillary. So, the open end usual is
taper to narrow bore or connect to a buffer capillary to maintain the constant
inner pressure. Dynamic coating usually acquires low column performance.

3.3.2. Static coating
The entire column is fully filled with the stationary phase solution, one
end is sealed, and a vacuum applied to the open end. The coating is complete
once the solvent is completely pumped. Static coating usually is preferred over
dynamic layer for two reasons. First, all the stationary phases initially introduced
is deposited on the column wall; thus, the calculation of average film thickness
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is straightforward, using the surface area of the column, the concentration of
stationary phase in the solution, and the density of the stationary phase. Second,
the stationary-phase coating may be more uniform than with dynamic coat due
to the lack of axial motion of the stationary phase during deposition point propagates through the column away from the low-pressure end.

df =
where stands for the capillary radius, C stands for the concentration of
coating solution (v/v) and df is the desired thickness of the stationary phase.

Static coating requires no air bubble and particulates, so degas and centrifuge are necessary for preventing the bumping effect. Constant temperature is
also the requirement for the uniform film.

3.3.3 Sol-gel coating
The coating method was a new approach, a cleaned fused silica capillary
was filled with a sol solution of appropriate composition, and sol−gel reactions
are allowed to go on inside the capillary for a controlled period, typically 15−60
min. A wall-bonded coating results due to condensation of the surface silanol
groups with the sol−gel network evolving in their inner surface.
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3.4. Examples of sol-gel stationary phase for GC column
3.4.1 Sol-gel silica-based PDMD stationary phase for GC [17]
In 1997, Malik and co-worker were the first time to create the sol-gel GC
column. The protocol disclosed the four critical parts of the reaction component.
.

Figure 1-13 SEM of a sol−gel PDMS coating on the inner walls
Reprinted (adapted) with permission from Ref [17]. Copyright (2018) American Chemical Society

The enhanced surface area of the columns which was evidenced by SEM
results provided a sample capacity advantage to the sol−gel columns. The roughened surfaces, provided number of chromatographic advantages, including
higher surface area and faster mass transfer kinetics. No apparent porous struc-
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ture of the stationary phase was observed, but in the coating as a sample preparation with titania sol-gel coating, the porous structure was seen could be compared.

Figure 1-14 SEM of the capillary with sol-gel TiO2-PDMS coating
(A) cross-sectional view (500×) and (B) surface view (10000×)
Reprinted (adapted) with permission from [49].
Copyright (2018), American Chemical Society
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Figure 1-15 SEM of sol−gel PDMS fiber at 3600-fold magnification [50]
Reprinted (adapted) with permission from ([50]).
Copyright (2018) American Chemical Society

The inner surface of the first sol-gel capillary column was not seen the fine
structure, but the concave of the silica-based PDMS fiber was clearly showed the
detailed microstructure with linked particles. Since the formula and the
preparation of sol solution method for fiber and capillary were very similar, the
fine structure was very meaning for the inner coating of the stationary for the
GC column although their working mechanism is entirely differently.
The surface structure is the essential features of the chromatography.
From other fields report, PDMS and silica precursor TEOS formed co-polymers
with porous structures. The specific surface area, pore size distribution and pore
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volume, as well as the porosity information, reflects the characters of the sol-gel
GC column has not been reported yet.

Table 1-1 Some physical properties for sol-gel Porous PDMS

Sample

rmp(A)

SBET

Vmp(cm3g-1)

P(gcm-1)

SiO2

46.9456

670

0.83

1.06

SiO2-PDMS

26.8677

273

0.18

1.41

Where pore size, rmp(A), surface area, SBET, pore volume (Vmp, SBET,bulk
density(c) (gcm-1).

3.4.2 Sol-gel PDMS stationary phase with pillar [5] arene dispersed

The pillar[5] arene is symmetric by comparison with typical calixarenes,
pillar[5] arene should capture guests into the cavity without modifications, Pillar[5]arene is composed of an electron donor of hydroquinone and has ionophore
at both ends [51]. Pillar [5] arene does have the OH-terminate group to bind with
the sol-gel network, and The MP5 capillary column was fabricated by uniform
dispersion of MP5 in the 3D sol-gel. The MP5 capillary column exhibited weak
polarity and high column efficiency over 4200 plates/m for n-dodecane, n-octanol, and naphthalene.
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Figure 1-16 Structure of Pillar [5] arene
adapted from Ref [33]
The basic recipe and process were same as sol-gel PDMS except the precursor were changed from MTMS to TMOS, as follows:

2.5 mg MP5 was

dispersed in silica-based PDMS sol-gel solution, sonicated for 3 min. Next, the
sol solution was introduced into the pretreated capillary column and stayed for
30 min. The column was conditioned from 40 ◦C for 30 min and then up to 190
◦C at a rate of 1 ◦C/min and remained at the final temperature for six hours [52].
Except for the MP5 column for isomers that are liable to severe peak-tailing and
hard to be well resolved, such as phenols and anilines, other types of isomers
were separated very well, especially for the phenyl with p-π structures via hostguest interactions with specific analytes.
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3.4.3 Sol-gel germania PDMS stationary phase
Malik and co-worker introduced the sol-gel germania PDMS coating for
use as a stationary phase in GC. The chromatogram of a natural gas sample gave
symmetric and sharp peaks for methane and ethane. The preliminary testing
supplied promising sol-gel hybrid germania coatings had the potential to offer
great analytical performance for new germania-based stationary phase [53].

Figure 1-17 Natural gas separated on a sol−gel germania−PDMS column
Reprinted permission of America Chemistry Society, adapted from Ref [53]
Conditions: 5 m × 0.25 mm i.d. sol−gel germania−PDMS column; carrier
gas, helium; injection, split (100:1, 300 °C); FID 350 °C, constant column temperature, 30 °C. GC peaks: (1) methane and (2) ethane.
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3.4.3.1. The thickness of the sol-gel coating
With a dynamic coating sol-gel stationary phase, the viscosity change during the coating process, which results in a nonhomogeneous coating layer.
Brinker and Scherer [5] made a detailed analysis of the dip-coating method. The
dip coating model can be used to estimate the thickness for sol-gel coating [54].

Figure 1-18. The viscosity of the silica sols changed with aging time at different
PDMS concentrations, adapted from Ref [5]
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A porous silica film with PEG porogen, modified PDMS with terminated SiCH3 as templated. The drying process of sol-gel with supercritical liquid significantly reduced or even eliminated the surface tension at the solid-liquid interface,
whereas the heat treatment creates the capillary pressure in the regular drying
process will destroy the porous structure of the silica film. For example, SiO2
porosity was decreased from 73.5% to 47.7%. Coatings were prepared using a
pure sol-gel based composition. The surfaces with TEOS: PDMS 70:30 were
found to have a static contact angle of 112°.

3.4.3.2 Concentration and the thickness
Some coating film disclosed the relationship between the coating thickness
and the concentration of PDMS. The coating thickness was from 3.7 to 88 nm
using PDMS oil-in-water emulsion coating with the concentration from 1:10 to
1:1000 (v/v). [55]. Specifically, 1/400 (v/v) PDMS emulsion coated thickness was
4.9nm, which corresponds to 3 to 4 monolayers of PDMS [56], author also mentioned with citation that due to density and organic solvent was rapid and incontrollable evaporation, spin and pump suck coating was hard to get the ultra
and homogeneous film coating but gave an irregular film, that was the reason
using oil-in-water emulsion coating.

Post-coating was modified with APTES.

Coating curing temperature.
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Table 1-2 Thickness of film and concentration of PDMS in hexane
Concentration (wt %)

thickness

1:30

534.3nm

1:40

373.0nm

1:50

207.5nm

The different concentration of PDMS-hexane (wt.%) solutions was spincoated on the sacrificial layer of silica wafer at a high-speed rpm. The ultrathin
and hyper elastic polydimethylsiloxane (PDMS) nanomembranes were sufficiently permeable to air and methanol.

Figure 1-19. PDMS thickness vs. concentration, adapted from Ref [57]
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The simultaneous addition of acetic and hydrochloric acids as catalysts
and of acetone as a solvent, together with the use of a gelation temperature of
20 ºC, made it possible to prepare amorphous silica materials with surface area
values up to 850 m2 g-1. a decrease in surface area values with increasing temperature (from room temperature to 50 ºC) [58]

Table 1-3 Surface area and pore volume of silica xerogel

3.4.3.3. The solvent for PDMS coating:
Aitana Tamayo et al. chose four different solvents attending to
TEOS/PDMS based hybrid materials [59]. By maintaining constant both composition and reaction parameters, the hybrid structure of these materials has been
modified by adding solvents during aging. Such solutions were added at different
times from gelation time to 10 days for studying the effect of solvent addition
during the whole aging period,. The extension of hydrolysis and condensation
step can be modified because of the increase of the mobility of reactants by solvent addition. Solvent adding affected the reaction, aging, and curing of the sol34

gel. After adding the solvent to the sol-gel made the mobility of reactants was an
increase, extended the hydrolysis and condensation step. The structure of hybrid
sol-gel was modified, such as pores size, porosity, particles shapes. The smaller
pores were obtained with low polarity index at low addition time. Addition of
isopropanol added gave the bigger pore size and higher porosity at 62%, about
10% higher than that of dichloromethane. Polar solvent obtained the definite
shape of particles. At this point the isopropanol probably the excellent solution
for coating dynamic GC column.

Figure 1-20 a) Mean pore size and b) porosity vs. solvent addition time
adapted from Ref [40]
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The network of the sample obtained with deionized water, has more internal silanol groups lead to silanols more stresses which cause cracks and irregularities on the silica layer after drying the sol-gel, compared with the samples
made with ethanol and acetone, acetone overcome the overcome the destructive
phenomenon on the coat. [60]

Yoshifumi Maegawa et al. researched the solvent effects on the acidcatalyzed dealkylation of organoallylsilane precursors to identify mild sol-gel
polymerization conditions. The nature of the solvent strongly influenced the
reaction rate, and the observed solvent effect was well explained regarding the
solvent basicity parameter (solvent basicity: SB), which suggests that the proton
activity is a critical factor in enhancing the reaction rate. The use of a solvent
with low SB was confirmed to accelerate the formation of a functional organosilica hybrid film from its allylsilane precursor under a mild acidic condition[61].

3.4.4. Sol-gel PEG stationary phase
Chedan et al. using a second sol−gel precursor (BIS) were to provide chemical incorporation of a phenyl ring into the stationary in the polymeric backbone
to possess the added thermal stability. However, these phenyl groups could also
potentially increase the rigidity of the stationary phase. The sol-gel PEG stationary also contributed to the surface roughening provide the enhanced surface
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area for the solute/stationary phase interaction during chromatographic separations, provide enhanced sample capacity for the sol−gel-coated columns compared with the conventional wall-coated columns.

Figure 1-21 Sol−Gel-PEG stationary phase: sol-gel reaction [62]
Reprinted permission by CAS, Copyright, 2018.

3.4.5.Dendrimer-based sol-gel stationary phase [63]
The benzyl ether termini and urea connectivity were synthesized the
the dendritic architecture provides unique selectivity in capillary GC separations,
unlike conventional PDMS or related capillary GC columns that elute 2,3-bu-
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tanediol as the ﬁrst peak under standard operating conditions, on benzyl-terminated sol-gel dendrimerized columns, the ﬁrst eluted component is n-decane. In
this respect, the sol-gel dendrimerized column behaved more like a polar column.
An efﬁciency value of 3,200 theoretical plates/m was obtained on a 10 m×0.25
mm i.d. column coated with the third generation dendronized sol-gel stationary
phase.

3.4.6. The sol-gel stationary phase for microchip-based GC column[64]

PDMS, PEG, and F13-TEOS were used as stationary phases have to
coat the inside walls of microchannels, coupling with a metal oxide-based
gas sensor for a portable GC machine[64]. The chemical formulation of the
stationary phase had been obtained by mixing tetraethoxysilane (TEOS)
with PEG or F13-TEOS. The first precursor (TEOS) enabled the formation
of a silica matrix grafted onto the internal walls of the GC micro-column.
The two other precursors (F13-TEOS or PEG) were used mainly to functionalize the whole stationary phase. Figure 1-20 indicates the different
steps during the sol-gel process.
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Figure 1-22 Bonding between PDMS and silica surface, adapted from Ref [41]

Figure 1-23 Different steps for the formation and
deposition of the stationary phase
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adapted from Ref [41]
3.4.7. Sol-gel β-cyclodextrin-based stationary phase
3.4.7.1. Sol-gel 2,6-di-butyl-β-cyclodextrin capillary column
2, 6-Dibutyl-β-cyclodextrin was synthesized [20], and a capillary column
for use in gas chromatography was prepared by a sol-gel method using the βcyclodextrin derivative as the stationary phase. This capillary column was
measured column efficiency of 2876 plates per m, (with the polarity of stationary
phase of 1215 (sum of McReynold's constants.), with symmetric peaks.

3.4.7.2. Sol-gel hydroxy-terminated β- cyanoethyl methyl polysiloxane column
Wu and Dongxing Wang {Wu, 2009 #171}modified the hydroxyl-terminated
-polysiloxane with β-cyanoethyl methyl as a sol-gel stationary phase. Because
of the introduction of the cyan groups and the hydroxyl-termination. The stationary phase showed higher polarity, good column-inertness, as well as excellent thermal stability.

3.4.7.3. PMHS with pendant cyclodextrin stationary phases [33] [30]
Different kinds of pendant cyclodextrins were synthesized and prepared
sol-gel capillary columns with these stationary phases, then compared with the
separation parameters on three other sol-gel capillary columns with chirasil- cyclodextrin stationary phases prepared. In our published earlier-stage work. The
results showed that the stationary phase with attaching an arm of 4 methylene
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groups and an ether-link was the best. The ether-link which was not in the
attaching arm did not affect chiral separation.

3.4.7.4. Capillary GC using pyridyl beta-cyclodextrin stationary phase[32]
A pyridyl group was introduced to the 3-positions of beta-CD to synthesis
heptakis [2,6-di-O-pentyl-3-O-(4'-chloro-5'-pyridylmethyl)]-beta-CD, which was
used as the stationary phase in capillary GC. The polarity of stationary phase
was moderate, and the separation results demonstrated that the prepared stationary phase possessed excellent separation ability and chiral recognition for
the aromatic positional isomers of xylenes, the polarity, and the hydrogen bonding and the analytes had a significant effect on separation.

3.4.8. Tributyl citrate column for GC sol-gel as stationary phase [18].
The sol-gel column has the higher thermal stability, better inertness, more
efficient separation. For alcohols, amines, etc., compared with the column made
using the conventional approach.

3.4.9. Sol-gel glycerol stationary phase [19]
Glycerol can be used as stationary phase for preparation of capillary column for GC. the highest temp. At which traditional glycerol column can be used
is less than 100 °'C. Sol-gel glycerol capillary showed that the highest temp. At
which the glycerol column can be used is 250 °'C, and the loss of the stationary
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phase is low. The sum of the McReynold's contents of the stationary phase is
735,

3.4.10. Sol-gel glycerol monostearate stationary [65]
The sol-gel glycerol column had good efficiency with the theoretical plate
no. was 2900/m. It could stand high temperature at temperature. of 250° C that
was much higher than the allowed maximum temperature of 120°C for the current column prepared by traditional method with the same stationary phase. The
sum of the McReynolds constants was 496.

3.4.11. Sol-gel Triethanolamine capillary column [66]
Triethanolamine and the silanols on the inner wall of the capillary also
take part in the condensation so that triethanolamine is bonded to the inner wall
of the column. The testing result showed that the maximum temperature at
which the sol-gel column can be used is over twice as high as before.

3.4.12. Sol-gel Monolithic stationary phase
3.4.12.1 Macroporous vinyl silica and silica monolithic columns [67]
80% vinyltrimethoxysilane-based hybrid with 20% tetramethoxysilane silica monoliths (80-VTMS), had been investigated in high-pressure gas chromatography separations (carrier gas pressure up to 60bar) and compared to monolithic silica columns for comparison of the retention and the selectivity between
80-VTMS monoliths and silica column, under carrier gas helium to measure the
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Kovats indexes. Vinyl silica-based stationary phase for monolithic GC column
had longer retention for nonpolar analytes.

3.4.12.2. Short silica monolithic columns in high-pressure gas chromatography [68]
With monolithic silica columns, a conventional gas chromatograph was
modified to work with carrier gas pressure as high as 60bar. With short columns
(less than 30cm) used to separate methane, ethane, ethylene, acetylene, propane,
cyclopropane, and butane in less than 30s. Efficiency and selectivity using various carrier gases (helium, nitrogen and carbon dioxide) at different inlet pressure
for different oven temperature, the minimum theoretical plate height which was
as low as 15um (66 000 plate m-1 ) using carbon dioxide as the carrier gas.

3.4.12.3. Mesoporous silica thin films as stationary phases
Various mesoporous silica thin films as new stationary phases for gas
chromatography (GC) columns [69] [70]. Using a templating route with CTAB,
F68, F127, P123 was individual as porogens at the 0.05% of the silica precursor,
thin coating at 80- to 140 nm was obtained. The columns were found to be 30
times higher efficiency than that of the commercially available PLOT column for
the fast separation of light n-alkanes (C1-C5) mixture; These high performances
were related to the higher surface area encountered in mesostructured silica with
worm-like, cubic and hexagonal phases.
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3.4.12.4. Silica monoliths for gas chromatography: fast separation of light
hydrocarbons [71]
Silica-based monoliths for gas chromatography were made using silicic
precursor tetramethyl orthosilicate (TMOS) and organic porogen polyethylene
glycol (PEG 10 kDa), as well as acetate acid as catalyst. By modifying the amount
of porogen (PEG) and catalyst (acetic acid solution), the skeleton size and
through-pore size decrease from 4–6 µm, 3.5–5 µm and 2–4 µm respectively, with
an increase in PEG quantity. At the best, precursor/catalyst/porogen ratio evaluated, a column efficiency of about 6500 theoretical plates per meter. Text mixture from methane to n-butane was separated at room temperature with back
pressure (under 4.1bar), The macroporosity ensures the flow of the mobile phase
promoting a rapid mass transfer of solutes, whereas the micro/mesoporous contributes to the surface area of the monolith.

3.4.13. Packed with alumina, modified alumina, and sol-gel alumina
Aluminum nitrate used as the salted sol-gel precursor for alumina particles [72]. The first kind of alumina particles was made with ammonia hydroxide,
to alumina hydroxide particles to pass through 60 mesh. The second kind of
particle was above particles further coated with TEOS solution. The third type of
porous alumina microspheres was made by dropwise through capillary to add
the aluminum nitrate solution to form droplets, which were passed through a
glass column filled with silicone oil (100 cst) maintained at 363 K, to convert
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them into solid gel particles internal gelation process (IGP). Three types of alumina were used as packing material to study the separation of HT and T (2) in a
mixture at various temperatures. The conventional alumina and silicon oxide
coated alumina resolved HT and T (2) at 77K temperature with different retention
times. The retention times on SiO2 coated columns were found to be higher than
those of other adsorbents. However, the column filled with IGP alumina was
found to be ideal for the separation of HT and T (2) at 240 K. The peaks were
well resolved in less than 5 min on this column.

3.4.14. Doped particles to the sol-gel network as stationary phase
The chromatographic properties of sorbents with europium and copper
acetylacetonate complexes were investigated as stationary phases for separation
of polar substances without formation of tailing peaks [73].

4. Conclusion
Most categories of traditional stationary phase for GC have been prepared
with the sol-gel process for capillary GC column. The sol-gel stationary phase for
GC has greatly improved the thermal inertness, sample compacity. Some of the
limitations encountered thus far with capillary columns made in the sol-gel process include a higher-than-usual bleed profile and lower chromatographic efficiency, most of the stationary phase for no-monolithic GC separation performances have remained the level of 2800 to 3200 plates per meter. With further
research, it is very likely that these limitations can be resolved [74]. After rinsing
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with solvent, the above bleeding profile has been solved in reported sol-gel PDMS
and PEG GC column. Specific improvement for surface area, porosity, thermal
stability in monolith GC column showed higher separation performance. However, structurally speaking, stationary phases made in the sol-gel process comprise recurring organic and inorganic domains. This structural attribute opens
new possibilities for unique chromatographic selectivity, polarity, difficult to
achieve by using conventional stationary phases that are either totally organic
or totally inorganic (as most commonly used in gas-solid chromatography). Solgel columns have enormous potential to be a critical development by adjusting
the composition of the sol-solution utilized to create this stationary phase [74].
Non-silica-based stationary phase coating through direct chemical bonding with
silica surface of the will significantly improve the thermal stability for analysis of
compounds with high boiling points, solvent stability for analysis of harsh acidic
or basic samples. The automatic injection of sample preparation coupled with
sol-gel stationary phases with solvent stability, thermal stability will significantly
lead to the GC chromatography with high working efficiency and environmentally
friendly system in modern GC.
Stationary phase for GC column needs more cooperation with interdisciplinary for polymerization characterizing, coating technology for thinner film and
stability, high selectivity.
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Table 1-4 main sol-gel stationary phase and column performance
Stationary phase

Precursor

Polyoxyethylene sorbitan monolaurate
Al2O3
TEOS
PPG-2025
Al(OC4H9)3
Poly(ethylene glycol)
TEOS
peralkylated-βcyclodextrins
TEOS
Poly(ethylene glycol) (PEG
TEOS
Poly(dimethylsiloxane)
MTOS
Poly(dimethylsiloxane)
Sorbitan monooleate
Ucon

Column i.d.

Plate No.

Reference

0.25mm
0.25mm

2802/m

[75]
[76]

0.036mm
0.10mm

2500–3000/ m
300/m

[77]
[78]

0.25 mm
0.25 mm
0.25 mm

2726-3520/m
3200 /m
3200/m

[25]
[62]
[17]

Vinyl Acetate

0.25 mm

[79]

MTOS

0.25 mm

2274/m

[80]

Chromia

0.25 mm

2600/m

[81]
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CHAPTER TWO
GERMANIA-BASED SOL-GEL POLY(DIMETHYLDIPHENYLSILOXANE STATIONARY PHASE FOR CAPILLARY CHROMATOGRAPHY

ABSTRACT

An open tubular column coated with a germania-based sol-gel stationary
phase was developed for capillary gas chromatography (GC). The columns were
prepared using tetramethoxygermane (TMOG) as a sol-gel precursor, and
1,1,1,3,3,3-hexamethyldisilazane (HMDS) was used as a deactivating reagent. A
sol-gel active silicone polymer, hydroxy-terminated poly(dimethyl diphenyl
siloxane), was chemically incorporated in the structure of the organic-inorganic
hybrid stationary phase through the sol-gel convention process. Sol-gel technology effectively combined three critical column preparation processes (stationary
phase coating, immobilization, and deactivation) into a single step, significantly
reducing the column preparation time. The performance of the prepared columns
was evaluated using a series of test mixtures, containing analytes from diverse
chemical classes that included alkanes, PAHs, fatty acid methyl esters, ketones,
aldehydes, amines, alcohols as well as acids, covering a wide polarity range. Van
Deemter plot was constructed using hexanophenone (k=5.3), acenaphthene
(k=5.9) and methyl dodecanoate (k=6.9) as test probes and helium as the carrier
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gas. The sol-gel germania-based columns generated 3807 theoretical plates per
meter for phenanthrene at the optimum gas velocity of 35 cm sec-1. It was found
that sol-gel germania-based sol-gel PDMDPS columns provided overall polarity
value of 1327, compared to overall polarity value of 245 for a commercial HP-5
column. To the best our knowledge, this is the first comprehensive study on the
preparation and chromatographic evaluation of germania-based sol-gel capillary
column for GC.

Keywords:
Gas chromatography (GC); Sol-gel stationary phase; Germania-based organic-inorganic hybrid material; Capillary column; Column performance; Deactivation.

Highlight
A new column was developed with sol-gel germania-based incorporated
hydroxyl terminated polymer as the hybrid polar stationary phase. Because of
the functional germania hydroxyl groups were easily created by the highly active
germanium alkoxide oxide precursor, the sol-gel reaction accomplished in
minutes, using less amount of toxic catalyst. The much-diluted sol-gel coating
solutions to 50mg/ml, 25mg/ ml were working as usual coating, up to 5mg/ml
for developing static coating, which is promising to explore thinner and more
uniform coating with sol-gel process further. The inertness and thermostability,
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as well as the column performance for sol-gel GC, will be substantially increased
compared with the silica-based column.

1. Introduction
The conventional approach to the preparation of capillary columns in gas
chromatography involves a lengthy procedure consisting of capillary surface deactivation [1], static coating [2], and stationary phase immobilization[3]. Sol-gel
column technology [4, 5] was developed to drastically reduce the GC column
preparation time by combining these time-consuming steps into one. Sol-gel stationary phases possess a hybrid organic-inorganic composition where a sol-gel
active organic polymer (e.g., one with terminal hydroxyl groups) covalently
bonded to a three-dimensional sol-gel network. A part of this network ultimately
gets anchored to the silanol groups on the inner surface of a fused silica capillary
within which the sol-gel reactions are taking place. A series of hydroxyl-terminated polymers have been used to prepare sol-gel GC capillary columns. These
include hydroxyl incorporated poly(dimethylsiloxane) (PDMS)[4], polyethylene
glycol (PEG)[6], and β-cyclodextrin (β-CD)[7], cucurbit (vii) uril in ionic liquid [8].
Macrocyclic compounds dispersed in sol-gel networks such as permethyl pillar
(v) arene [9], a sol-gel chemical derived from the structure of crown ether [10].
Silica-based short columns for light hydrocarbons separation were reported,
such as mesoporous silica thin films [11], vinyl silica, and silica monolithic columns[12, 13] working at the high or regular inlet pressure of carrier gas.

55

The reported sol-gel GC stationary phases are predominantly silica-based. The
presence of surface silanol groups makes such stationary phases prone to adsorption of basic and polar analytes [14]. Silica-based materials are also unstable
under acidic or basic conditions [15]. Recently there has been an increased interest trend in non-silica based stationary phases. Alumina [16], titania [17, 18]
and zirconia [19], niobia[20], tantala [21], have the potential to overcome some
of the deficiencies because of their stability over a broad pH range. However, a
common disadvantage is that the presence of the Lewis acid/base sites on these
metal oxide surfaces may lead to the adsorption of the polar analytes [22], and
their applications as stationary phases were limited to HPLC primarily. Also,
chemical inertness of their surfaces makes it extremely difficult to chemically
bond an organic moiety to these surfaces for use as stationary phases. Some
routes to nominally stable termination layers of germanium have been reported
for grafting of organic functionality for molecular or sensor applications[23, 24].
The properties of silicon closely resemble those of germanium which is
explained by their relative placements in the Periodic Table (both lay in group 14
with Ge just below Si). GeO2 is known to be an isostructural analog of SiO2[25].
Structure and chemical similarities of these two oxides make the GeO2 an excellent substitute for SiO2[26]. However, unlike SiO2, which can only form gels of
four-coordinated composition, GeO2 is capable of forming both four-coordinated
and six-coordinated amorphous gels[27]. Malik and coworkers introduced the
Germania-based sol-gel coatings for use in capillary microextraction (CME) cou-
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pled with GC [28] and HPLC [29, 30]. The pioneering work by Malik and coworkers initiated the possibility of using the germania-based sol-gel organic-inorganic
material as a stationary phase in capillary GC; providing a single chromatogram
was provided illustrating GC separation of a natural gas sample into its components. To date, the gas chromatographic behavior of sol-gel germania-based materials as GC stationary phases remain practically unexplored.
In context, the goal of this research was to conduct a thorough investigation into the method of preparation and chromatographic performance of sol-gel
germania–based columns in high –resolution capillary gas chromatography.

2. Materials and methods
2.1 Chemicals and materials.
Fused silica capillary (250-µm i.d.) was obtained from Polymicro Technologies Inc. (Phoenix, AZ). Tetramethoxygermane (TMOG, 99%) was purchased
from Gelest Inc. (Morrisville, PA). Hydroxyl-terminated silicone polymer (95%)
dimethyl and (5%) diphenyl substitutions copolymer (OH-PDMDPS-OH, CAS
68951-93-9) was purchased from Sigma-Aldrich (St. Louis, MO). Samples of 1,1,
1,3,3,3-hexamethyldisilazane (HMDS, 99.9%), HPLC-grade methylene chloride,
and methanol were purchased from Fisher Scientific (Pittsburgh, PA). Grob test
mixture for GC columns was obtained from Supelco (Bellefonte, PA) and TC-WAX
mixture was purchased from GL Science (Tokyo, Japan).
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2.2. Equipment.
Chromatographic separation and column evaluation experiments were
carried out on a Shimadzu 17A GC system with a flame ionization detector (FID)
(Shimadzu, Kyoto, Japan). Online data collection and processing were accomplished using a CBM-102 chromatography workstation (Shimadzu, Kyoto, Japan). A Shimadzu 2010A GC/MS was used to determine peak identities in the
chromatogram to monitor column baseline bleed. FT-IR spectra of starting material and the sol solutions were recorded on a Nicolet iS5 spectrometer (Thermo
Scientific, Waltham, MA), whereas FT-IR spectra of the dry powders of sol-gel
were recorded on a Nicolet Avatar 320 spectrometer, (Thermo Scientific, Waltham, MA). A homemade capillary filling purging device [31] was employed to fill
fused silica capillaries with sol solutions using nitrogen pressure. A Micromax
Thermo IEC centrifuge (Needham Heights, MA) was used to separate out the
particulates from the sol solution. A Fisher Model G-560 Genie 2 Vortex system
was used for thorough mixing of various solution ingredients. Deionized water
was further purified by a Maxima (297022A) HPLC system (England) to obtain
18.0-MΩ water.

2.3.1 Pretreatment of fused silica capillary
The silica fused capillary, 250um* 10m, was installed to the pressure glass
coating system, nitrogen was used as pressure to introduce the solvent at a
stable flow rate into the capillary to rinse the capillary with 1.8mL of DCM,
1.8mL, MeOH, 1.8mL H2O individually, at the pressure10psi, 10 psi and 20 psi
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individually. After the water was purged out the capillary, the nitrogen pressure
was reduced to 10 psi, continue to blow the column for 30 minutes. The capillary
was removed from the coating system, use the oxygen- ethylene flame to seal the
both terminal. The capillary was circulated along the capillary cage with a
diameter of about 15.5cm. The sealed capillary was put into the GC oven to incubate at 250 for 120 minutes. After the oven cools down, cut both ends, one
end was installed to inject port, with another kept open, 250 °C conditioned for
120 min before coating, this step is for removing the physically absorbed moisture from the inner surface of the capillary.

2.3.2 Preparation of sol-gel coating solution
The sol-gel coating solution was prepared using two- 2-mL centrifuge vials
(vial A and vial B). A 200 mg of PDMDPS was taken in vial A and dissolved in
600 µL of methylene chloride, This was followed by thorough vortexing for one
minute. A 20 µL volume of TMOG was added to vial B, this was followed by addition of 20 µL TFA (containing 2% water). After transferring the content of vial
A to vial B, the mixture was thoroughly vortexed for one minute. The mixture
was kept at room temperature with constant shaking for 1 minutes. A 50 µL
volume of HMDS was stepwise added to this solution followed by shaking for an
additional 1 minute; pH paper monitored ph of the sol solution to weak basic
(pH 8-9). The solution presented a cloudy appearance. The sol solution was
centrifuged at 14,000 rpm (18,648g) for four minutes. The transparent portion
of the sol solution was transferred to a clean centrifuge vial. The coating solution
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was prepared by diluting to OH-PDMDPS-OH (100 mg/mL) by methylene chloride.
2.4. Preparation of sol-gel germania PDMDPS coated capillary columns.
The inner surface of a fused silica capillary (10 m×250-µm i.d.) was first
cleaned by sequentially rinsing it with two mL each of methylene chloride, methanol, and water. The cleaned surface was then subjected to hydrothermal treatment following a procedure [31, 32].
The hydrothermal pretreated fused silica capillary column (10 m×250 um
i.d.) was filled with the sol-gel coating solution under 60 psi nitrogen pressure
using the filling-purging device. A few drops of the sol solution dripped out of
its exit end before this end was sealed with a rubber septum. The sol solution
was allowed to remain inside the capillary for 3 to 10 min. Following this, the
rubber septum was removed, and the sol solution was expelled from the capillary
under 60 psi of nitrogen gas pressure. After 30 min of continuous purging with
nitrogen flow (60psi), the capillary was removed from the filling-purging device,
and its inlet end was connected to the injection port of a GC system, without
connecting its outlet to the detector. The coated capillary column was conditioned by programming, the oven temperature from 40°C to 320°C at a rate of
1°C min-1, holding at the final temperature for 300 min. The conditioned capillary
column was then rinsed with two mL of methylene chloride and dried by purging
with nitrogen. After three replicates of conditioning runs, the capillary was ready
for performance evaluation.
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2.5. Measurements of McReynolds constants

McReynolds constant calculation: [33, 34]: The five McReynolds test solutes were injected in five replicates, and the GC runs were performed at 120°C
under isothermal condition. For each solute, the mean retention time from the
five replicates measurements was used as its retention time. The elution time of
the methane peak was used as the gas hold-up time. A part of a commercial HP5 column (10 m × 0.25 mm i.d.) was used as a control column for polarity comparison under the same set of chromatographic conditions.

3. Results and discussion
The basic objective of this research was to develop germania-based sol-gel
organic-inorganic hybrid stationary phase for GC providing high performance,
enhanced stability, inertness and selectivity in GC. To achieve this goal, we critically analyzed the structural features of germania in the context of current development in sol-gel GC-column technology.
Germanium is known to resemble silicon in some of its chemical properties
and biochemical properties [25]. The electronegativity of germanium (1.994) [35]
is closer to Si (1.916) [36].

The acidity of the surface of germanium dioxide is

contradicted by the early report: Ge-O bond is less developed, which leads to the
increased basicity of germania than of silica [35]. However, the germania surface
which generated on pyrogenic silica surface had more acidic properties compared
with those for the parent silica[37]. Both germanium doped silica and germania
nanoparticle [38] showed more acidic property than the counterpart of silicon.
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Also, pretreatment conditions[32] have a strong influence on the features of the
silica dioxide surfaces, e.g., crystal type, silanol concentration, and strength of
active surface sites such as Brønsted and Lewis acid sites.
Proper care must be taken in fabricating germanosilicate materials using sol-gel
process. Germanium alkoxides hydrolyze extremely fast, and the surface
germanol concentration in the resulting sol-gel hybrid material will increase with
the content of germanium in it [39]. Therefore, in a germania-based sol-gel GC
column, proper care must be taken to deactivate these germanol groups that
serve as undesirable adsorption sites for polar analytes.
In this work, a diluted sol-gel solution (25mg/mL HO-PDMDPS-OH) was
prepared for a thinner coating than our previous report [28]. The thinner layer
can be prepared either by using a sol-gel coating solution of lower concentration
or by performing the coating procedure with an undiluted sol-gel solution but for
a shorter time.

3.1. Chemical reactions involved in the preparation of sol-gel Germania
coatings.
Table1 lists chemical ingredients used in the sol solution for in situ creation of germania-based sol-gel stationary phase coatings.

Tetramethox-

ygermane was used as the sol-gel precursor to provide for the inorganic component of the organic-inorganic hybrid stationary phase coating. Sol-gel process
involves hydrolytic polycondensation.
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Table 2-1. Name and chemical structures of sol−gel coating solution ingredients
Ingredients
Tetramethoxylgermane

Function

Structure

Sol-gel precursor

(TMOG, X)

OMe
MeO

Ge

OMe

OMe
Dimethyl diphenyl siloxane co-

Sol-gel active poly-

polymer, hydroxyl-terminated

mer

CH3
HO

(OH-PDMDPS, Y)

Trifluoroacetic acid (TFA)

Catalyst and che-

/water 98:2 (v/v)

lating agent

Methylene chloride

Solvent

1,1,1,3,3,3-Hexamethyldisilaz-

Deactivating rea-

ane

gent

Si O m Si O n H
CH3

CF3COOH

CH2Cl2

(HMDS, Z)

These reactions were represented in scheme 1. The hydrolysis of TMOG
produced reactive hydroxyl containing chemical species capable of undergoing
condensation reactions with sol−gel active chemical components in the sol solution including OH-PDMDPS-OH and germanol-containing moieties. Condensation of these reactive species led to the formation of a hybrid organic−inorganic
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material via synthetic integration of an inorganic component (originating from
TMOG) and an organic component (originating from OH-PDMDPS-OH), Ge-O-Si
bond formed as the increased peak at1033 cm-1. Silanol groups residing on the
inner walls of the fused-silica capillary are also sol−gel active and can take part
in the condensation reactions resulting in chemical anchoring of a portion of the
sol−gel organic-inorganic network evolving in the vicinity of the capillary walls.
After the in-capillary residence period (typically 5 min), the sol solution was expelled for the capillary under nitrogen pressure and leaving behind the surfacebonded portion of the sol-gel material on the column walls in the form of a surface coating to serve as the stationary phase.

Y

Y
OH
OH

+ X
Condensation

+ Y
Deactivation
OH +
Z
OH

Capillary inner surface

Si O

OH O

CH3

O Ge

OH

CH3

O
O Ge O

OH

m

Si

O

Ge O Ge OH
n
n
H3C Si CH3 OH
O

O
Si

OH O
H3C Si CH3
CH3

O
H

(X=TMOG, Y=PDMDPS, Z= HMDS, see Table 1)
Scheme 2-1. Reactions of sol-gel germania-based stationary phase
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Proper control of sol-gel processing parameters is necessary during various stages of the process to prepare sol−gel materials with desired structural
characteristics [40]. In this work, experimental conditions were carefully
optimized through variation of relative proportions of various components of the
solution. The composition of the optimized sol solution was as follows: TMOG
(10µL), OH-PDMDPS-OH (100mg), TFA (10 µL, containing 2% water), HMDS (25
µL), diluted up to 2 mL. After coating and thermal conditioning, the capillary was
rinsed with methylene chloride to remove unbounded sol-gel residues and byproducts from the chemically bonded coating.

The column deactivation step is critically important for the GC separation
of polar compounds. In conventional column technology, deactivation is usually
carried out as a separate step and involves chemical derivatization of silanol
groups on the fused silica capillary inner surface. Various reagents have been
used to deactivate the surface silanol groups chemically. The acid test mixture
and basic test mixture similar to Grob test mixture[41] have been used to evaluate the quality of the deactivation with HMDS [42]. In the present work, HMDS
was used to in the sol solution to deactivate the silanol and germanol groups.
The amount of HMDS should be optimized; more than 70uL of HMDS in the sol
solution led to the formation of a white precipitate. However, unlike conventional
deactivation, where the silanol groups on the capillary surface are deactivated
with HMDS as the initial step in column fabrication, in the sol-gel approach de-
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activation takes place during column conditioning the last step in column preparation. During column coating, HMDS molecules remain physically incorporated in the sol-gel coating and react with silanol and germanol groups during
the thermal conditioning step providing a three-dimensional deactivation that
encompasses not only the capillary surface but also bulk of the stationary phase
coating.

3.2. IR characterization

An FT-IR of the sol-gel germania coating material was taken to verify if the
stationary phase was chemically bonded. Figure 1 shows the FT-IR spectra of
the sol-gel Germania PDMDPS inorganic-organic hybrids as well as starting materials TMOG and OH-PDMDPS-OH.

The germania PDMDPS showed the peaks at 1086 cm-1( literature value
[43] ,1088 cm-1) for Si-O-Si bond and 1033 cm-1(literature value [44], 1030cm1

) can be attributed to Si-O-Ge ( asymmetric) bond, whereas starting material

PDMDPS showed the broad peaks at 1086 cm-1 and 1024 cm-1 (vs. from literature [45], 1074 cm-1 and 1024 cm-1 ) for the Si-O-Si bond. . To obtain interference-free FT-IR data for Ge-O-Si bond, sol solution was prepared with TMOG
and HMDS but without PDMDPS, and the corresponding spectra are presented
in Figure 2, which showed the single sharp peak at 1033 cm-1 ( vs. literature
value [44] 1030 cm-1 ) for Ge-O-Si bond , In the FT-IR spectrum of pure TMOG
and HMDS ( Figure 2 ) no peak is observed close to this wave number.
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Figure 2-1. The different combination and its ingredients of FT-IR of sol-gel
Germania-based PDMDPS stationary phase
a. PDMDPS; b. PDMDPS+TMOG+TFA; c. PDMDPS+TMOG+TFA+HMDS
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Figure 2-2. The FT-IR spectrum of the sol-gel precursor, deactivating reagent,
and their reaction proceed during fabrication of germania-based PDMDPS solgel stationary phase
a. TMOG (dry); b. HMDS; c. TMOG+HMDS
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In the sample with TMOG and PDMDPS but without HMDS, the intensity
of the peak of Si-O-Si at 1081cm-1 gradually decreased as the reaction proceed,
and the intensity for Ge-O-Si peak at 1033 cm-1 increased. In the dry powder
sample of germania sol-gel, the broad peak at 3670 cm-1 for germanol and other
broad peaks around 3370 cm-1 for TFA and ammonia disappeared. The presence
of Ge-O-Si shown in the sol-gel germania PDMDPS coating material indicates
that the germanol group could be deactivated by HMDS and PDMDPS.

3.3. Separation efficiency and column inertness.
The Grob test mixture (Figure 3) and

TC-WAX test mixture (Figure 4)

were used to evaluate the chromatographic performance of the prepared sol-gel
germania PDMDPS stationary phase for capillary GC. The Grob mixture provides
information on column performance in general and the nature of the active sites
in the column [46], in particular. Polar analytes are sensitive to the adsorptive
activity of the column. Acidic analyte peaks tail if the column has basic sites[39].
Similarly, the presence of acidic sites like silanol groups in the column leads to
asymmetric peaks, with greatly reduced heights. As can be observed in Figure 3,
11 peaks of Grob test mixture were well separated on a 10m of sol-gel Germania
PDMDPS column. Symmetrical peaks were obtained for most of the polar and
nonpolar components, except for 2-ethyl hexanoic acid (peak # 7), which showed
peak fronting. It should be pointed out that free carboxylic acids also often produce fronting peaks with reduced height on conventionally deactivated columns
[47] due to poor solubility of polar saluted in relatively nonpolar stationary phase
The tailing of 2, 3-butanediol (peak # 1) shows the activity of the column. An
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increasing HMDS amount in the coating solution led to the concomitant decrease
in the acid peak height. This indicates that the column gradually acquires basic
character, presumably due to HMDS deactivation; the byproduct ammonia of
HMDS might contribute to the basic character of the column. Thermal conditioning of the column with open ends expels the side product NH3 to reduce the
basic features of the column. The use of excess HMDS (more than 2.5 times of
TFA volume ) or HMDS deactivation with sealed ends resulted in columns with
basic sites with unusual activity for absorption of acid analytes.
Conditions for Grob test mixture: column, 10m × 250µm-i.d. fused silica
capillary column; stationary phase, ≡Ge-O-PDMDPS; carrier gas, helium; injector, split (100:1, 250 °C);detector, FID, 300 °C; Temperature programming: from
40 °C to 250 at 6 °C min-1, then 40 °C min-1 to 300 °C, hold 5 min. Peaks: (1)
2, 3-butanediol, (2) n-decane, (3) n-undecane, (4)1-octanol, (5) 1-nonanal, (6) 2,
6-dimethylphenol, (7) 2-ethylhexanoic acid, (8) 2, 6-dimethylaniline (9) methyl
decanoate, (10) dicyclohexylamine, (11) methyl undecanoate (12) methyl
dodecanoate.

TC-WAX test mixture (GL Science, Japan) is the probe for the polar poly
(ethylene glycol) column, regularly run isothermally at 130oC. Sol-gel germania
PDMDPS column provided fast GC separation with sharp peaks for all components of the test mixture within three minutes at 130oC.
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Figure 2-3. Grob test mixture on a sol-gel germania PDMDPS column
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Figure 2-4. TC-WAX test mixture on a sol−gel germania PDMDPS column

Conditions for TC-WAX test mixture: column, 10-m × 250-µm-i.d. fused
silica capillary column; stationary phase, ≡Ge-O-PDMDPS; carrier gas, helium;
injector, split (100:1, 250 °C); detector, FID, 300 °C. Temperature programming:
from 80 °C to 300 at 10 °C min-1, hold 5min at 300 °C. Peaks: (1) hexanoic acid,
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(2) 2,6-dimethylphenol, (3), 3,5-dimethylaniline (4) 1-decanol, (5)dicyclohexylamine, (6)methyl-n-undecanoate,(7) n-hexadecane, (8) n-octadecane, (9) n-eicosane
The retention time repeatability data for the components of the Grob test
mixture are presented in Table 2. In five replicate measurements, the relative
standard deviation in retention time was less than 0.10% for all the eleven components, except for the two early-eluting peaks (2, 3-butanediol, 0.18%, decane
0.39%) and the peak of 2-ethyl hexanoic acid (0.68%). The fronting of 2-ethyl
hexanoic acid peak is assumed to be due to the low solubility of the acid in the
PDMDPS-based stationary phase.

Table 2-2. The retention time of Grob mixture on sol-gel germania PDMDPS
column (n=5)
Peak No.

Compound

mean of tR

SD

RSD%

1

2, 3-butanediol

0.901

0.00164

0.182

2

n-decane

1.409

0.00559

0.396

3

n-undecane

3.000

0.00258

0.086

4

n-octanol

4.678

0.00338

0.072

5.356

0.00264

0.049

5

n-nonanal

6

2,6-dimethylphenol

5.604

0.00293

0.052

7

2-ethyl hexanoic acid

6.561

0.04464

0.680

8

2,6-dimethylaniline

6.929

0.00366

0.053

9

methyl decanoate

9.884

0.00372

0.038

10

cyclohexylamine

11.455

0.00914

0.079

11

methyl undecanoate

11.927

0.00356

0.030

12

methyl dodecanoate

13.890

0.00422

0.030

73

3.4. Thermal stability of sol-gel germania-PDMDPS stationary phase.
Sol−gel coatings possess remarkable thermal and solvent stability advantages over their conventional counterparts typically prepared by the static
coating technique [4]. This can be attributed to the direct chemical bonding of
the stationary phase coating to the column surface. Contrary to this, in the conventionally prepared GC capillary columns, the stationary phase in not directly
bonded to the column walls. Direct chemical bonding of the sol-gel stationary
phase to the column surface allows sol-gel columns to be rinsed with various
solvents without stripping off the stationary phase coating. The situation is different from the case of conventionally coated GC columns. Among conventionally
prepared columns, only the column with effectively cross-linked stationary
phases can be rinsed with solvents. Although such stationary phases still have
direct chemical anchoring to the capillary surface, crossing linking makes them
inextricable with solutions. Primarily nonpolar polysiloxanes belong to this category of stationary phase. Polar stationary phases, they are not recommended
by vendors for being solvent-rinsed. Sol-gel stationary phase does not need
crossing linking for immobilization; Both polar and nonpolar [4], stationary
phases can be effectively immobilization through direct chemical bonding to the
column wall.
In the sol−gel approach to GC column preparation, the original capillary
surface serves as an anchoring substrate for the newly evolving sol−gel top layer.
Here a surface-bonded organic−inorganic sol−gel layer is created on the top of
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the original capillary surface, extending the silanol derivatization process from
the surface into the bulk of the coating [2]. The chromatographic baseline was
monitored on the temperature programmed runs to study the thermal stability.
Sol-gel germania-PDMDPS stationary phase was found to provide stable performance over a wide range of temperature from ambient to 350oC. Before rinsing
the sol-gel coating, the baseline rise was observed at 250oC above. After rinsing
with methylene chloride followed by conditioning for 30 min at 360oC resulted in
a straight baseline up to 350oC. Improved column efficiency (3400 plate number
m-1) was observed when column conditioning was carried out at 360oC, but the
peak area of dicyclohexylamine in Grob mixture was reduced. A significant decrease in the separation efficiency (less than 2500 plate number m-1) resulted
after conditioning the column at 399oC. The strengthened thermal stability of
sol−gel coatings may attribute to the formation of strong chemical bonds between
capillary wall and the hybrid germania network with chemically incorporated
PDMDPS hybrid stationary phase.
Semi-volatile oligomeric and cyclic siloxanes are formed as a consequence
of bond rupture along the polysiloxane chain at elevated temperatures[45], [4749]the sol-gel germania- based stationary phase incorporation of PDMDPS in the
sol-gel network steric hindered the back-biting reaction.

3.5. Examples of GC separations on sol-gel germania based PDMDPS column.
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Gas chromatographic performances of germania sol−gel PDMDPS columns
were evaluated using nonpolar, moderately polar, and polar compounds.
3.5.1 Mixtures of alkanes (figure 5) and polycyclic aromatic hydrocarbons (PAHs)
(figure 6) were used as non-polar samples. Without polar functional groups in
hydrocarbons interact with relatively nonpolar PDMDPS stationary phase mainly
via dispersion forces, and the hydrocarbons peaks were sharp and symmetrical.
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Figure 2-5. Alkanes on a sol−gel germania PDMDPS column.
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Conditions: column, 10-m × 250-µm-i.d. fused silica capillary column;
stationary phase, ≡Ge-O-PDMDPS; carrier gas, helium; injector, split (100:1, 250
°C); detector, FID, 300 °C. Temperature program: from 80 to 250 °C, at10 °C
min-1, then 40 °C min-1 to 300 °C, hold 5min. Peaks : (1) n-undecane (2) ndodecane , (3) n-tridecane, (4) n-tetradecane, (5) n-pentadecane, (6) n-heptadecane ( 7) n-octadecane (8)C19, (9)C20,n-eicosane (10) n-docosane , (11) n-tetracosane.
Conditions for testing PAHs : column, 10-m × 250-µm-i.d. Fused silica
capillary column; stationary phase, ≡Ge-O-PDMDPS; carrier gas, helium; injector, split (150:1, 250 °C); detector, FID 300°C. Temperature programming: from
80 °C to 200 °C at 6 °C min-1, then 40 °C min-1 to 300 °C, hold 5min. Peaks: (1)
naphthalene, (2)acenaphthene, (3) fluorene (4) phenanthrene, (5) fluoranthene ,
(6) perylene.

3.5.2. Fatty acid methyl esters (FAME) (Figure 7) and ketones (Figure 8) represent moderately polar samples. FAMEs exhibit no appreciable adsorption activity
which makes them suitable for column efficiency measurements through calculation of theoretical plate numbers for polar and moderately polar stationary
phases.
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Figure 2-6. PAHs on a sol−gel germania PDMDPS column.
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Figure 2-7. Fatty acid esters on sol-gel germania PDMDPS column.

Conditions: column, 10-m × 250-µm-i.d. Fused silica capillary column;
stationary phase, ≡Ge-O-PDMDPS; carrier gas, helium; injector, split (100:1, 250
°C); the detector, FID, 300 °C. Temperature programming: from 80 °C to 250,
then 40 °C min-1 to 300 °C, hold 5 min. Peaks: (1) methyl decanoate, (2) methyl

79

undecanoate, (3 )methyl dodecanoate, (4) phthalic acid diethyl ester, ( 5) methyl
heptadecanoate, (6) stearic acid methyl ester, (7) methyl eicosanoic, (8) methyl
docosanonate
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Figure2- 8. Ketones on a sol−gel germania PDMDPS column.
Conditions: column, 10-m × 250-µm-i.d. Fused silica capillary column;
stationary phase, ≡Ge-O-PDMDPS; carrier gas, helium; injector, split (100:1, 250
°C); a detector, FID300°C. Temperature programming: from 40 °C at 6 °C min-1
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to 250, then 40 °C min-1 to 300 °C, hold 5min. Peaks :( 1) butyrophenone, (2)
valerophenone, (3) hexanophenone, (4) heptanophenone,(5)benzenephone (6)
decanphone.

3.5.3. Mixtures containing alcohols (Figure 9), and aldehydes, were used as polar
test samples. Straight chain alcohols were used in column test mixtures as sensitive indicators of column adsorption activity. Hydroxyl groups are capable of
interacting with stationary phase through hydrogen bonding if that possibility
existed. Basic compounds (e.g., amines, aniline) are especially prone to tailing
on a poorly deactivated column. Acid−base interaction with the acidic surface
silanol groups is a critical factor that leads to the tailing of their peaks on inadequately deactivated fused silica columns. Symmetrical peak shapes for basic
compounds obtained on sol-gel germania PDMDPS column are an indication of
an excellent quality of deactivation in these sol−gel columns. GC separations of
fatty acids (figure 3, 4) were associated with fronting problem which is indicative
of the existence of the adsorption sites or overloading due to poor solubility of
free fatty acids in the relative nonpolar stationary phase.
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Figure2- 9. Alcohols on sol−gel germania PDMDPS column.
Conditions: column, 10-m × 250-µm-i.d. Fused silica capillary column;
stationary phase, ≡Ge-O-PDMDPS; carrier gas, helium; injector, split (100:1, 250
°C); the detector, FID, 300 °C. Temperature programming: from 100 °C to 300 at
10 °C min-1, remain 300 °C for 5min. Peaks: (1) nonanol, (2)undecanol, ( 3)
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dodecanol, (3) tridecanol, (4) hexadecanol (5)octadecanol,(6) eiconsanol, (7) docosanol, (8) tetracosanol, (9) hexacosanol, (10) octacosanol,

Table 2-3 Precision of retention time of alcohol mixtures (n=8)

Peak No

Name

mean,

RSD

tR/min

SD

%

1

n-undecanol

1.203

0.005

0.436

2

n- dodecanol

2.238

0.014

0.627

3

n-tridecanol

3.017

0.017

0.557

4

n-hexadecanol

3.922

0.016

0.415

5

n-octadecanol

8.742

0.008

0.093

6

n-eiconsanol

10.491

0.006

0.058

7

n-docosanol

12.116

0.005

0.044

8

n-tetracosanol

13.627

0.004

0.033

9

n-hexacosanol

15.035

0.013

0.087

10

n-octacosanol

16.363

0.004

0.024
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Table 2-4. The precision of retention time of aldehyde (n=6)

Peak
1
2
3
4
5
6

8.0

name
o-Tolualdehyde
p-tolualdehyde
n-decycloaldehyde
undecylic-aldehyde
dodecylaldehyde
Tridecalaldehyde

mean of tR/min
2.79
2.95
4.53
6.31
8.22
10.14

RSD%
0.59
0.55
0.60
0.35
0.23
0.07
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Figure 2-10. Separation of anilines on Ge-PDMDPS column.

Conditions: column, 10-m × 250-µm-i.d. fused silica capillary column;
stationary phase, Ge-PDMDPS; carrier gas, helium; injection, split (100:1, 250
°C); detector, FID, 300 °C. Temperature programming: from 40 °C to 200at 6 °C
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min-1, then 200 °C min-1 to 300 °C, remain 5min at 300 °C. Peaks: (1) N-methyl
aniline, (2) N, N-dimethyl aniline, (3) N-ethyl aniline,(4)2-ethyl aniline, (5) 4-ethyl
aniline (6) 3-ethyl aniline, (7) N-butyl aniline.

3.6. Performance of germania-based sol-gel coated capillary columns.
Figure 10 represents a Van Deemter plot for a 10 m × 0.25 mm i.d. sol−gel
germania PDMDPS column. The curves were obtained at 108 °C using
hexanophenone (k = 5.3), acenaphthene (k=5.9), and methyl dodecanate (k = 6.9)
as test solutes. As can be seen from the above plots, the minimum plate height
(Hmin) was 0.31 mm for methyl decanoate and 0.33 mm for hexanophenone and
acenaphthene. This corresponded to 3226 and 3000 theoretical plates m-1 for
methyl dodecanoate, and hexanphenone or acenaphthene respectively. The
right-hand side of the van Deemter plot characterizes the mass-transfer process
in the column, and its slow rise is an indication of favorable C term in the van
Deemter−Golay equation.
For a better-deactivated germania PDMDPS Column, performance was
tested at 160 °C isothermal condition, helium flow velocity at 40cm/ sec. With
probe phenanthrene 0.5 mg. mL-1 DCM solution, split 100:1 injected 1uL, 5ng
loading on column per injection, theoretical plates 3807 per meter (RSD=2.9%,
n=6) achieved, k=8.3 (RSD=1.5%, n=6).
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Table 2-5. The precision of Retention time of anilines on GE-PDMDPS (n=7)

Peak No

Name

Retention

1

N-methyl aniline

2

N,N-dimethyl ani-

RSD%

time

SD

3.202

0.007

0.226
0.240

line

3.419

0.008

3

N-ethyl aniline

4.119

0.008

0.189

4

2-ethyl aniline

4.663

0.008

0.170

5

4-ethyl aniline

4.864

0.008

0.161

6

3-ethyl aniline

4.982

0.010

0.203

7

n-butyl aniline

7.764

0.006

0.080

Table 2-6. McReynolds constants for sol−gel germania PDMDPS columns

Total
Polarity

Probe

Benzene

1-Butanol

Pentanone

Nitropropane

Pyridine

I for Ge-PDMDPS

957

978

978

822

813

I for HP-5

667

629

665

752

753

I for squalane(Is)

653

590

627

652

699

∆I=I(Ge-PDMDPS)-Is

304(X)

388(Y)

351(Z)

170(U)

114(S)

1327

∆I=IHP-5-Is

14(X)

39(Y)

38(Z)

100(U)

54(S)

245
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Figure 2-11. Van Deemter plot of sol-gel germania PDMDPS column

Conditions for first van Deemter plot: column, 10m × 250-µm-i.d. Fused
silica capillary column; stationary phase, ≡Ge-O-PDMDPS; carrier gas, helium;
injection, split (100:1, 250 °C); Injector: 250°C, detector, FID, 300 °C; Isothermal
condition: 108 ° C. Helium flow rate: from 5 cm sec-1, to 90 cm sec-1, increments:
5 cm sec-1.
At the optimum linear flow rate of 30 cm/sec, the probe of methyl
dodecanate received the theoretical plate number 3300 per m.
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Figure 2-12. Van Deemter plot of sol-gel germania PDMDPS column
Deactivated with HMDS+Divinyl-MDS

Conditions for the second van Deemter plot: column, 10m × 250-µm-i.d.
Fused silica capillary column; stationary phase, ≡Ge-O-PDMDPS; carrier gas,
helium; injection, split (100:1, 250 °C); Injector: 250°C, detector, FID, 300 °C;
Isothermal condition: 158 ° C. Helium flow rate: from 25 cm sec-1, to 100 cm sec1,

increments: 5 cm sec-1.
At the optimum linear flow rate of 40 cm/sec, the probe of phenanthrene

received the theoretical plate 3807 plates per m.

3.7. The polarity of sol−gel coated Germania PDMDPS columns
Conditions for polarity test: column, 10 m × 0.25 mm i.d. fused-silica capillary column; stationary phase, sol−gel ≡Ge-O-PDMDPS; injector, split (100:1,
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250 °C); Column temperature: 120 °C isothermal condition; detector: FID280
°C. General Polarity=X+Y+Z+U+S
The polarity of sol−gel coated Germania PDMDPS columns was evaluated
by calculating the McReynolds constants. Table 3 summaries McReynolds constants for sol-gel Germania PDMDPS column with the HP-5 (J&W) column as a
control. The sol-gel Germania PDMDPS coated columns have an overall polarity
value of 1327, as compared to an amount 254 of HP-5 columns. Higher polarities
were shown for sol-gel PDMS [4], PEG [6] columns, compared with conventional
static coating columns.

4. Conclusions

A sol-gel Germania PDMDPS stationary phase was developed for GC. The
sol−gel Germania-based stationary phase provided excellent separation for a
broad analyte class from nonpolar alkanes and PAHs to polar compounds such
as alcohols, amines. Column efficiencies on the order of 3807 theoretical plates
m-1 can be routinely obtained on 250-µm-i.d. sol−gel PDMDPS capillary columns. Sol−gel PDMDPS stationary phase can be used for efficient separation of
difficult-to-chromatograph analytes on the same column. Compared with silicabase sol-gel column and commercial HP-5 column, germania-based PDMDPS
column with intermediate polarity was shown in the overall polarity value of
1327. The presented results bear strong evidence that sol−gel germania-based
columns have the potential to offer a new level of performance in GC separation
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for a wide range of nonpolar to polar analytes in the same column. To our best
knowledge, this is the first systematic study on the development and investigation of sol−gel germania based hybrid organic in-organic stationary phase in GC
stationary phase.
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CHAPTER THREE
SURFACE SOL-GEL PROCESS FOR THE
SYNTHESIS OF GC STATIONARY PHASE

1. Introduction

In the traditional sol-gel approach to the synthesis of GC stationary phase,
hydrolytic polycondensation reactions take place throughout the entire volume
the sol-gel solution located inside a fuse silica capillary. After all appropriate incapillary residence time (e.g., 15-30 min), the buck solution is expelled from the
capillary using gas pressure, leaving behind a surface-bonded coating of the solgel coating of sol-gel stationary. One disadvantage of such an approach is that
the viscosity of the coating solution increased with time as the sol-gel network
grown inside of capillary. As a result, efficient exploration of the sol-solution from
the capillary and creation of uniformly coated stationary phase film in a reproducible way prove to be different, especially in the case of the longer column and
thicker coatings. These difficulties can be overcome by a surface sol-gel process
in which the sol-gel creation is in a thin layer of sol solution on the inner surface
of the capillary—not through the entire volume of the sol-solution filling the
capillary. To achieve the this, first, a thin film of the coating solution (devoid of
sol-gel catalyst and water) is created (either by static or dynamic method) on the
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inner surface of a fused silica capillary. Following this, a gaseous flow carrying
water vapor mixed with sol-gel catalysts is pass through the capillary facility the
sol-gel reaction to take place in the coating, avoid the bulk sol-gel process within
the capillary disadvantage arising from it.

1.1

Mechanism of surface sol-gel
The surface sol-gel process consists of four steps [1]: chemisorption of

alkoxide, rinsing, hydrolysis of the chemisorbed alkoxide, and drying (Figure 31-). The surface sol-gel process can accomplish the atomic precision of the thin
coating. Sigle cycle of coating reaches the ultra-thin film as 0.2 nm [2].

Figure 3-1. Mechanism of surface sol−gel process
Adapted from ref [1]
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Figure 3-2. Effect of surface sol-gel coating cycles on the thickness

Purpose: The surface sol-gel process is applied to create gas chromatography to facilitate the creation of sol-gel stationary phase stationary phase coating within long capillary columns and achieve higher uniformity in coating thickness.

1.2. Development of the surface sol-gel process for thin coatings
Using the screened precursor and CVD technology or atomic layer deposition (ALD), Wang et al. synthesized [3] the aminopyrimidine Ge (II) complexes for
nonvolatile phase-change random access memory (PRAM). Ge thin film was deposited on the Si wafer directly. There are limitations associated with germanium
precursors for the CVDs of Ge alloy films such as high deposition temperatures
that result in hazardous process conditions. The structure of aminopyrimidine
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Ge (II) compounds with four-coordinate fashion and ten electrons, which was
less volatile than other amino germanium[ ]. Thermogravimetric analysis [3] profiles showed that aminopyrimidine Ge (II) complexes lose about 5% of the weight
at 200 °C and lose 50% of the weight at 300 °C, this thermal stability of germania
aminopyrimidine may not be suitable of GC stationary phase without structure
modification.

Figure 3-3. FT-IR for the bonds among Ge/Si/O
Adapted from Ref [4]
In the germania-silica glasses, absorption bands were observed at around
463 (not included), 814 and 1070 cm−1 (with a shoulder at about 1200 cm−1), all
of them relate to Si−O−Si bonds. The 870–890 cm−1 bands was attributed to an
increasing amount of Ge−O−Ge bonds in the films. After conditioning at a
temperature of 600°C or higher, the intensity of the 870–890 cm−1 and at 995
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cm−1bands increased substantially. Annealing at 800°C caused a slight but noticeable increase in the intensity of the absorption band at 870–890 cm−1 and
the band at 995 cm−1 also started to appear. When the temperature is increased
up to 1000°C, only a slight shoulder at 995 cm−1 is observed, accounting for
Si−Ge−O bonds, while no band corresponding to Ge−O−Ge bonds was present
[4].
SiO2-TiO2-GeO2 gel glass was prepared by using TEOS, Ti(C4H9)4 and
C13GeCH2CH2COOH, as the precursors of silicon dioxide, titanium dioxide, and
germanium dioxide, respectively. IR absorption spectra show that little SiO2 is
contained in the system and more TiO2 and GeO2 tend to exist in their phases.
Only a few Si-O-Ge bonds remain when the temperature varies from ~300 to
~600°C [5], As a result, many vacancies are left in the gel which creates advantageous room for germanium to enter into the SiO2 net, to form Si-O-Ge. Accordingly, fewer Ge-O-Ge bonds exist when the temperature approaches 800°C, and
considerable Si-O-Ge bonds are found. This proneness is intensified by the
drastic weakening of the intensity of the infrared absorption peak assigned to SiO-Ge bond when the temperature is raised from ~800°C to ~1000°C.
Through chemical vapor deposition (CVD), Busani et al. made the layer
with SiH4 and GeH4, grown by plasma assistance with oxidation, then the thickness of the Si1-xGex layer was about 12-28nm. Ge concentration was about 8%
to 50%, the main IR absorption lattices were characterized, contributor to the
regarding superposition of the peaks related to the asymmetric O stretching
modes of (1) Si-O-Si (at ~1060 cm-1) and (2) Si-O-Ge (at 1001 cm-1) . Another
98

peak at ~860 cm-1 was observed, only for Ge concentration x > 0.15, corresponding to the asymmetric O stretching mode in Ge-O-Ge bonds. The main peak was
detected in typical Si0.85Ge0.15O2 at 1039cm-1 and 1029 cm-1[6].
Whittleton et al. measured the content of Si/Gi zeolite, Germanium took
15%, if Germanium took for more than 25%, Si-Ge would be inhomogeneous.
The downshifts caused by Ge nearest neighbors are less than half, compared
with the corresponding downshifts caused by Al. Moreover, there are no regular
contributions of Ge and Al as next-nearest neighbors (i.e., Ge-O-Si-O-Si and AlO-Si-O-Si, resp.). The shift of Si, and not even the direction (sign) can be
predicted without calculating the corresponding sequence [7].
Majerus et al. used the Raman and XAS spectra to put in evidence the
existence of Ge–O–Si bonds in SiO2–GeO2 glasses. The X-ray absorption fine
structure (EXAFS)-derived mean Ge-O-Si angles are close to the Ge-O-Ge and
implies the angles in the GeO2 glass are 134° and 130°[8].
Matijasevic et al. monitored the FT-IR of the layer on a Germanium
substrate. The growing of the 1250−975 cm-1 band complex was assigned
Ge−O−Si vibrations predominantly. Partial overlapping by Si−O−Si vibrations are
expected due to polymerization [9]
Kunitake and co-workers [ ] initially developed the surface sol-gel (SSG)
process. This novel technology enables molecular-scale control of film thickness
over a large 2D substrate area and can be viewed as a solution-based methodology for atomic layer deposition synthesis. Compared with conventional deposition methods, the surface sol-gel method has the advantage of producing atomic
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precision in the thickness, and control of breadth and composition of the films
at the atomic layer level. The SSG technique generally consists of two half-reactions: (1) nonaqueous condensation of metal alkoxide precursor molecules with
surface hydroxyl groups and (2) aqueous hydrolysis of the adsorbed metal alkoxide species to regenerate hydroxyls group on the surface. The repetition of the
above cyclic sequential condensation and hydrolysis reactions allows layer by
layer coating of a selected metal oxide on a hydroxyl-terminated surface.
SSG was employed to prepare thin layers of TiO2 over a silver-island film
as a potential SERS substrate for monitoring of molecular adsorption on dielectric surfaces [10].
The gas-phase surface sol-gel process prepared a novel combination of
cyclodextrin (CD) hosts and imprinting effects in TiO2 gel ultrathin layers. Complexes of β-CD/bisphenol A (BPA) (from 1:1 to 3:1) and Ti(O-nBu)4 were
alternately deposited on a quartz crystal microbalance (QCM) electrode. As a result, the imprinted TiO2/(β-CD/BPA, 2:1) film showed about seven times higher
selectivity towards BPA than the non-imprinted TiO2/β-CD film, showing a sensitivity lower than 50 ppb to BPA. The present approach has a potential for the
detection of a variety of organic compounds.

The imprinted TiO2/(β-CD/BPA, 2:1) film showed about seven times
higher selectivity than the non-imprinted TiO2/β-CD film [11]. With a fabricated
line template, a silicon wafer was coated with a metal oxide nanolayer by the
surface sol-gel process. The precursors of tantaia, zirconia, and silica/tantaia
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have been employed as coating solutions. Then, using CHF3 and oxygen plasma
to remove the topmost portion of the coating layer and the templates, respectively, leaving the sidewalls of the metal oxide layers remaining on the substrate.
These films were self-supporting, and the inner layer structure of metal oxide
walls was controlled by changing the materials and the coating sequence [12]
A composite thin film consisting of 4-aminobenzoic acid (ABA) and titania
(TiO2) was obtained by the surface sol-gel process mixed precursors and polymer.
UV irradiation of the ABA/TiO2 film caused decomposition (N2 gas evolution) of
the azide group of ABA, and nanocavities were created within the matrix [13].
3-Mercaptopropyl)trimethoxysilane (MTS) forms a unique film on a platinum substrate by self-assembly and sol-gel crosslinking. Use of electrochemistry
probed the gelling and drying states of the self-assembled MTS sol-gel film. The
mechanism is the selective interaction between the thiol moiety and gold
nanoparticles. The thiol moiety was the only active group within the sol-gel
network, in which gold nanoparticles were employed to detect the thiol group,
and their interaction further indicated the physicochemical state of the sample.
The sol-gel immobilized thiol group can be identified through the porous structure. While the gold sensor can not detect the thiol structure, this shows the
potential of the MTS sol-gel film as a nanoporous material in biosensor development [14]
Multilayer structures were created with alternate organic and inorganic
layers. Semiconductors were fabricated by the wet processes that control the
thickness of each layer with nanometer level. Organic layers including poly(p101

phenylene vinylene) were deposited as electron-donor by the layer-by-layer adsorption method. Inorganic layers composed of TiO2 were fabricated as electronacceptor by the surface sol-gel process. Periodic and uniform nanostructures
were confirmed by glow discharge optical emission spectroscopy and TEM analyses. The multilayer exhibited a photovoltaic effect under illumination. The wet
process did the fabrication of those structures at room temperature, and at
normal pressure. Such an approach will likely be one of the essential methods
in energy-saving nano-technology [15].
Yang et al. prepared the TiO2 gel layer by deposition of Ti(O-nBu)4 vapor
and subsequent hydrolysis. The adsorbed Cytochrome C molecules were covered
with a 0.7 nm thick layer of TiO2 gel, and the protein characteristics were
preserved without denaturation in the multilayered film [16]

1.3. The development of static coating.
1.3.1. The solvent for static coating
Grob [17, 18] gave useful hints for statically coating of capillary columns
for the gas chromatograph. Using a compressed gas at 4-5 bar for 10-15 min to
every freshly filled and closed column to disperse possible gases in the stationary
phase to reduce the bumping pressurizing before vacuum pumping. The mixture
of methylene chloride and pentane solvent to reduce pumping time in the
static coating [19].
Pentane instead of CH2Cl2 as the solvent was used for coating with apolar
gum phases (OV-1, SE-30, SE-52, SE-54, SP-2125). To avoid evaporation of the
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solution during feeding of the coating solution into the column under vacuum,
a less-volatile solvent as a precursor is used before the static coating, column
evacuation is accomplished at room temp with pentane as the solvent in
approximately half the time that is required with CH2Cl2.

Pentane stock

solutions also seem to be more stable than those containing CH2Cl2.

1.3.2. The temperature for static coating
It was found that the coating efficiency decreases with increasing coating
speed. Kong and Lee {Kong, 1983 #649} first proposed the static coating method
for capillary glass columns at elevated temperature in 1983. With this innovation, the merits of high coating efficiency and ease of control of the film thickness
of the stationary liquid to be coated were retained, and the process of solvent
evaporation was significantly accelerated. These authors also found that the
coating process using a mixed solvent instead of either of the individual solvent
components could be considerably shortened.
The meniscus movement can be kept steady by immersion in water in a
large tank to avoid sudden temperature changes. The evaporation rate can be
increased by increasing the water temperature to 40-2°C with CH2Cl2 and 325°C with pentane.
The coating of capillary glass columns (diam. 0.25 mm) for the gas chromatograph was carried with a stationary phase (Ucon LB55OX) in CH2Cl2 solution. The evaperature in vacuum was carried out at 20-65°C, it took 3.5-15 h to
evaporate all the solvent, depending on the temperature. The given columns with
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separation efficiency with o-xylene, BuOH, and DMF as probes, were increased
with the decreasing evaporation period. The evaporation without vacuum took
six hours at 55-60°C and gave columns with similar separation efficiencies as
evaporation in a vacuum.
Xu {Xu, 1986 #648} further studied new free-release coating method. For
completion of the static coating method at an elevated temperature ( 75 to 80°C),
bumping of the solution to be evaporated in the capillary is an acute problem, a
degassing treatment, and use of a damping column connect in series with the
capillary, both have a positive effect. A self-assembled thermostat heated at 75°C
with precision was used for static coating, as well as for the study of the solvent
optimization.

1.3.3. The vacuum effect of the outlet on the static coating
Based on the procedure of the static coating, the static coating vacuum
can be divided into three stages, although no general summary of the features of
the vacuum pressure: (1) initial suction pressure, (2) stable suction pressure,
and (3) final suction pressure.
Initial pressure provides a weak vacuum, which removes the dissolved
gas. The sudden application of vacuum force may lead to the shooting of the
coating solution. Some coating for micro GC column mentioned this problem [].
After the initial stage, a stable suction pressure is stabilized, e.g., 8 mm mercury
high pressure. When the liquid meniscus is close to the sealed end, the capillary
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is cut off from the sealed end, and suction is continued for ten more minutes. At
the third and final stage, residual solvent is removed from the capillary.

1.3.4. Breakthrough problems of static coating [20]
The breakthrough problem of static coating presents an abnormal situation that fails the static coating procedure. The ubiquitous uncertainty in
breakthrough may be caused by many factors including as the followings:
(1) imperfect capillary end-sealing, (2) too high permeability of closure
materials, (3) residual bubbles in the capillary material, (4) excess of dissolved
gases in the coating solution, and (5) too high coating temperature.

2. Materials and methods
2.1. Chemical and equipment:
The main chemicals and equipment were the same as in those mentioned
in chapter 2. In addition to those, certain new chemicals and equipment were
also used, including Niobium(v)ethoxide, MW 318.22, Lot No. #3C-2777, CAS
No. 3236-82-6, was purchased from Gelest, Inc (Morrisville, PA). Duo-seal vacuum pimp, model 1400, was from 3M in 1993. A rinsing and coating reservoir
was pcsed from Restek, Inc. (Bellefonte, PA). Varian GC 3800 with FID. Polyscience Thermostat for in-house constructed double water bath.

2.2. Pretreatment of molecular sieves before drying solvent
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Heating will remove the physically adsorbed water and expand the surface
area of the molecular sieve. The molecular sieves were put in a 20- mL glass vial,
setting the thermostat oven at 105 °C for 24 hours. Furthermore, the vial was
handled with thermal protection gloves and moved to the vacuum dissertator,
keeping the vial cap loosely sealed for cooling down.

Dry solvents are needed for sol-gel processing involving non-silica-based
precursors that are sensitive to water. After the vial of molecular sieve cooled
down to room temperature, a 5-mL volume of molecular sieves was put at the
bottom of clean glass vial (20mL), filled the bottle with solvent (DCM, pentane) to
the bottle, waited for a lot of bubbles to be released from the vial, shake well,
then put the cap on the vial. After saving overnight, the dried solvents were
transferred to a dried glass vial and sealed with parafilm. Before using the
solvent, it was centrifuged for 4 minutes at 10000 rpm, to remove any possible
particles.

2.3. Pretreatment of capillary
Writght et al. [21] measured the concentration of hydroxyl groups on a
leached and presumably hydroxylated, Pyrex glass capillary column about 2.8
groups per square nanometer. This value was slightly less than the ~4.6, groups
per square nanometer [21] that are generally accepted for the fully hydroxylated
porous silica.
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The purpose of pretreatment is for removing the residue of acid and another kind of impurities, and improving the silanol concentration on the silica
surface, 4.6 hydroxyl groups per nanometer square when fully activated by hydrothermal pretreatment (see chapter one) [21]. For performing hydrothermal
treatment, an oxyethylene flame was used to seal both ends of fuse silica capillary was wrapped around the capillary case with a diameter of about 15.5cm.
The sealed capillary containing a dynamically coated thin layer of water on the
wall was put into GC oven to incubate for 120 minutes at 250 °C. After the oven
cooled down, both ends of the capillary were cut open; one end was installed to
the inject port, with the other kept open and free. The capillary was further conditioned for 60 min at 250 °C before coating; this step is for removing the physically absorbed moisture and optimizing the silanol concentration on the fused
silica capillary surface.

2.4. Preparation of sol-gel solution
Sol solution preparation: hydroxyl-terminated polymer between 25-50mg,
silica alkoxide precursor, as an amount corresponding to 5% of the hydroxyl
terminated polymer, added the dried solvent or solvent mixture (pentane/ DCM)
to achieve the desired concentration of the coating solution. The polymer concentration of the prepared coating sol solution was as follows.
Sol solution for dynamic coating:10~ 25mg/mL.
Sol solution for static coating: 5~10mg/mL.
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Vortex: Vortexing the sol solution three times, 30 seconds per time. Handled with fingertips along the rim of the cap or margin section of the vial, in case
of warm hands affecting the temperature of the reaction.
Sonicate: Sonication was for mixing the sol-gel components well, and removing the air bubble from sol solution before static coating.
The cap was sealed with parafilm and fixed the sol solution vial into the shelf,
put the shelf rack into the water bath of sonicating, setting up time 10 minutes.
Control of the volume of sol solution in vial: leave one third volume margin for
the vial, typically 1.5 mL of out 2.0 mL vial, sol solution was easy to be spilled
out of the vial after vortexing or sonicating.

2.5. Dynamic coating
The coating purging glass cylinder was cleaned and dried before using.
The nitrogen gas cylinder valve was regulated to the minimum pressure, typically
leaving the indicator between 1.5 psi and 2.0 psi. The pretreated empty capillary
column was connected to the purging system, the free end of the capillary
column was submerged to the soap solution, watched the small air bubble
created by the nitrogen. Adjusted the micro gas cylinder valve knob, until the
capillary end releasing one bubble per second. Kept at the same flow rate, unscrewed the threat of coating purge cap, used a tweezer to move the sol solution
vial to the purging system.
Capillary column terminal was kept straightly above the sol solution vial
but not to touch the solvent until using the finger to tight the threat with the
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ferrule. The free end of the capillary column was connected to the capillary buffer
column.
Check the whole coating system: no leaking, no visible particles in the sol
solution, the capillary column was horizontal put on the surface of the flat shelf.
Inserted the capillary end to the bottom of the sol solution. Once 10~20% out of
the sol solution plug corresponding to the whole volume of the capillary was
purged into the capillary column, raised the capillary end above the sol solution
lever. Used a wrench to tight the thread of the capillary nut with the ferrule.
The volume of a sol solution was precalculated, about 500uL per meter of
the capillary. The internal volume of the capillary of column per meter =Length∗
=1m* 1000mm/m* 3.14*(0.125mm)2=492 mm3. 10% of the volume of solution was equivalent to 50uL. For such small volume of sol solution, the arc
conical vial was used, about 100uL of sol solution was used in the dynamic
coating for two meters of capillaries. Because small volumes of sol solution gave
the discreet plug with bubble, the flow rate as one nitrogen bubbler per second
made sure the dynamic coating speed was about 1 cm per second for dynamic
coating with non-catalyzed sol solution.

2.5.1. Germania- PDMDPS dynamic coating
50 mg PDMDPS with 14% diphenyl substrated, was added to 2 mL vial,
with solvent DCM was added up to 1000uL in the Vial A; The Vial B was added
500 uL DCM, then added 2.5 uL TMOG to Vial B, after mixture well-transferred
solution from Vial A to B, then add 20 uL HMDS, 5uL PMHS, added another 500
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uL of DCM, the concentration of the polymer, PDMDPS concentration was
reordered as 25 mg per mL, part of solvent was volatile and spilled a little solvent
along the gap between the centrifuge vial and the lid, which was neglected. No
precipitates were seen after 10 minutes waiting time, then centrifuged at
10000rpm for 4 minutes. The top clear solution was transferred to another vial.
Dynamic coating: 2.7 meters of the capillary was connected to the homemade coating system to a valve controlled nitrogen, regulated the valve until the
pressure read two psi, maintained the same pressure to generate the constant
flow rate. 150 uL of sol solution was added into the coating system, placed one
the capillary terminal right above the sol solution, tightened the coating system
with fingers, the whole system should be leaking free, finger pitched the capillary
and pressed into the sol solution. A piece of the same length of an old capillary
was used as buffer capillary and connected with hydrothermally treated capillary
through fuse glass connector without leaking. The coating speed was 1.25 cm
per second.
Compared two groups of germania based PDMDPS Dynamic coating; the
concentrated sol solution had the lower plate number, which less than 1000
plate per meter, while the diluted 12.5mg per mL, with the dynamic coating with
above 2000 plates per meter. For both groups, the capillary was coated with the
sol solution coated without TFA but with 20 uL water vapor was passed through
the coated capillary after dynamic coating.
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The main difference was the concentration; another consideration should
be mentioned, the diluted sol solution was coated on the second morning, which
was a 12-hour difference, sol solution was stocked at over 12 hours.

2.5.2. PDMS surface sol-gel dynamic coating
PDMS 20mg, TEOS 5mg, PMHS 8 mg, the total mass of above polymer
and precursor 33 mg, was dissolved in 2 mL solvent, so PDMS 10 mg per mL,
without TFA. Two types of PDMS were used, the viscosity was 90-120 csp and
2000csp respective.
Dynamic coating: run as 2.4.1. germania PDMDPS dynamic coating.

2.5.3. Dynamic coating for PDMDPS (5% phenyl) GC column
PDMDPS (5% phenyl) (Sigma-Aldrich), 20 uL was added twice, up to 40mg
after contact the tip of the pipette, MTMOS 20mg, DCM 500 uL were added twice,
up to 1000uL, MeOH 5uL, Vortexed and added the PMHS 20 uL, mixed well, wait
for 20 minutes. 20uL HMDS was added, Vortexed again.
Pretreated capillary (10 rolls in cycles, 15.5 cm in diameter, which was
equal to 5-meter of the capillary, conditioned at 250 °C for 60 minutes before
coating.
The coating pressure glass cylinder was heated at 105 for half hour to
remove the moisture. Add 100uL sol solution into 0.5 mL plastic tube; capillary
tip was hung up the right above the sol solution tube. After tight the thread of
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the coating cylinder, The nitrogen pressure was regulated to 6 psi, the third
lowest measurement mark, inserted the capillary to the bottom of the vial.
The pressure was too high, after checking the time only 3 minutes, sol
solution was expelled out from the capillary very soon.
100 uL 98% TFA was added into two mL Vial. The lid of the tube has dug
a hole with office sharp pin, punch another hole at the half height of the 2mL
vial. Pressed and inserted the tip of the capillary into the holed lid and the side,
used the tip of the pin to paste a small amount of Dow Corning high vacuum
grease to the edge of the hole to reduce the possible leak of the vapor. Bubbles
of the TFA were created from the capillary from the lid hole; the coated capillary
was inserted into the hole at the half height. The pressure of nitrogen was regulated as low as possible, the second lowest fractional mark of the nitrogen valve.

2.5.4. The pre-hydrolyzed surface sol-gel coating
With water in the sol-solution, other condition and operations were the
same as a surface sol-gel dynamic coating.
The composition was same as Silica-based PDMDPS; the MTOS was taken
place by vinyl trimethoxysilane (Gelest, Inc.).
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2.6. Static coating procedure
1.6.1. Niobia -PDMDPS coating
Niobium pentoxide as a precursor, with germania PDMDPS basic
composition, niobium pentaoxide took the place of TMOG, for preventing from
gelation in the capillary in a column while static coating, the amount of TFA was
5 uL, compare Ge-PDMDPS with 20uL of TFA, other pretreatments and the
preparations of sol solution were same. Before static coating, the sol solution
was diluted with a mixture of DCM/pentane( 1:1) to 5mg of PDMDPS( 14%
diphenyl, silanol -terminate), static coating at 25 °C with double water bath,
vacuum was controlled at 100 mm Hg pressure, coating time is 7 hours. The
average of the static coating speed was 2 cm/min.
2.6.2. GE-PDMDPS static coating
13mg of PDMDPS (5 % phenyl, 40-80 cps) was added to Vial A, add 500
uL of Pentane, vortex repeatedly, waited for polymer dissolves in a solvent for 15
minutes, 1uL TMOG 500uL pentane, added to Vial B, immediately add 500 uL
of pentane, vortex homogeneously. Transfer the content of A to B, mixed well,
then added 1000 uL of DCM, DCM here was used as received without drying.
Added 5 uL of PMHS, mixed well, then gradually dropwisely added the HMDS 10
uL, mix well for one minute, further dropwise the HMDS, up to 10 uL, mixed
well, used the micropipette tip dip the sol solvent, tested the pH to weak base,
showed light blue color to the pH indicator paper, which was cut into small pieces
in advance.
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The sol solution was centrifuged at 10000 rpm for four minutes, stopped
the centrifuge, gentle opened the lid of the centrifuge vial, removed the two mL
vial to the vial rack, gently draw the top clear solution to another clean centrifuge
vial.
Prepared the coating purging system: glassware was dried at 105 °C, cool
down to room temperature under the pressure of nitrogen to preventing the
moisture of the air.
Regulated the pressure to 2psi, gradually increased the pressure to 10 psi,
let the sol solution full filled the capillary. Inserted the free end into the setup
silicon of Injector port of GC, along with the middle part of the rim of the setup.
Gradually increased the pressure to 40 psi, to make sure the system was not
leaking, setup silicon was tightly inserted into the silicon setup ring.
The open end was mounted to the vacuum adapter. Turning on the
vacuum pump, remained a low vacuum ( half the vacuum of range) for a while,
this was for removing the possible dissolved bubble from the sol solution, then
{Xu, 1986 #648}tighten the nut with a wrench, vacuum pressure increase to the
level of 60 mm Hg high pressure.
The capillary of fused silica rolls was flat laying down on the floating plastic
platform, loaded the plastic balls to cover the surface of the water bath, capillary
rolls had completely submerged the water both, only the two ends of the capillary
were hung on the above shelf of the water bath. The capillary ends were fixed
with tapes onto the dry wall of the water bath.
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The vacuum continues working about 4 hours, checking the sealed end,
when the solution of sol-gel inside the capillary was dried, stopped vacuum machine, releases the vacuum by losing the thread of the nut of the capillary.
20 uL of TFA containing 2% water, 0.5 psi blew the liquid to form the
vapor, after the catalyst vapor was bubbled dried, move the capillary and mount
to the GC system, two psi of nitrogen pressure to condition at the temperature
program as usual, up to 260 °C for 600 minutes.

2.7 Catalyzing after the coating
The catalyst was added through the bubbled vapor after coating: 100uL of
TFA (5% water contained) was added to the 2mL plastic vial. Using an office pin
with a sharp tip to piece the hole on the cap of the vial and the 2/3 of the height
of the vial. The purging pressure of nitrogen was introduced from top vertically
through to the bottom of the TFA solution; the vapor exit was from the side hole.
The capillary column was connected horizontally, in case of liquid of TFA spilled
into capillary directly. The holes were properly made by the tip of the office pin,
the size of the dug hole should be leak-free and matched the capillary size, the
proper amount of vacuum silicon glue was pasted along the gap between the
capillary and the punctured orifice edge of the centrifuged tube. The pressure for
bubbling the vapor was kept as low as possible, testing with liquid to find one
bubble per second until all the TFA solution was dried thoroughly. Typically, 100
uL of the TFA can be bubbled for 1 hour, to prevent the formation of droplets
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within the inner wall of the capillary. After bubbling the TFA vapor, nitrogen was
purged at 2psi until mounting the capillary to the GC oven for conditioning.
30 minutes of vapor was bubbled through nitrogen, the amount of TFA
and water was calculated based on the sol-gel gelling experiment in the open vial
experiment. The amount of TFA solution can make the sol solution gelled within
1.5 hours and 2 hours.

Figure 3-4. Flow chart for sol-gel coating and catalyzing
The blue color in the capillary stand for void volume; The green color
with grids stands for the sol-solution. The tapered triangle stands for the buffer
capillary with a tapered end for creating the homogeneous inert gas or vapor
pressure to the coated layer.
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2.8. Conditioning column
Connected the coated capillary column to GC 3800, 40 to 260 °C, 1 °C per
minute, remained for 10 hours. Tested the capillary with grob mixture before
further thermal conditioning. An additional condition was carried out with two
ends of capillary were sealed inert gas inside with flaming of oxygen ethylene,
the sealed ends were fused as spherical silica balls were seen, without defects of
leaking.

2.9. Evaluation of the column with Grob mixture
The Grob test mixture is based on the comprehensive blend developed by
Grob [22]. It can be used to measure a column’s affinity for many analyte types,
with each category of an analyte having its function for testing in the column.
These analytes include (1) normal alkanes (decane and undecane) are for
measuring column efficiency; (2) fatty acid methyl esters (FAME) (including methyl decanoate, methyl laurate, and methyl undecanoate) for measurement of
column efficiency; (3) alcohols (1-octanol) and diol (2,3-butanediol) for measuring
the presence of hydrogen-bonding sites (exposed silanols); (4) aldehyde ( nonana
) for measuring saturated aldehyde adsorption by means other than hydrogenbonding.; (5) amines (dicyclohexylamine) is for measuring irreversible adsorption; (6) acid/base pairs (2,6-dimethylphenol/2,6-dimethylaniline) for measuring acid/base surface characteristic; and lastly, (7) acid/base pairs (2-ethyl hexanoic acid/dicyclohexylamine) are for measuring measure acid/base surface
characteristic.
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Table 3-1 Grob test mixture components and their functions
(Adapted from a catalog of Supco and Restek )
Peak

Analyte Name

Function of Analyte

No.
1

Diol (2,3-butanediol)

Detect presence of hydrogen-bonding
(exposed silanols).

2

Decane

column efficiency

3

1-octanol

hydrogen-bonding (exposed silanols).

4

2,6-dimethylphenol

The acid/base pair with eight measure
acid/base surface characteristic

5

Nonanal

6

Undecane

7

2-ethyl hexanoic acid

Detect Lewis sites
column efficiency
The acid/base pair with 10 measure
acid/base surface characteristic

8

2,6-dimethylaniline

The acid/base pair measure acid/base
surface characteristic

9

Methyl decanoate

10

Dicyclohexylamine

column efficiency
The acid/base pair with 7 measure
acid/base surface characteristic

11

Methyl undecanoate

measure column efficiency

12

Methyl laurate

measure column efficiency
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Applying surface sol-gel five kinds of the precursor, and five kinds of polymers, we tested at least 25 groups of sol-gel process experiment, with dynamic
coating and static coating, most of the column testing acquired the symmetric
peaks and short retention time, but with low column performance and thermal
stability.
After conditioning from 40 °C to 260 °C, 1 °C per min, the column was
tested with alkane, ketones, and the grob mixture, the isothermal condition is
100 °C, internal pressure was 1.8 psi with nitrogen as carrier gas. Injector and
FID were set up at 350 °C.
Plate number=5.54×(

/ )2/L

Rétention factor, k=(tR-t0) / t0
Where tR is the retention time, w is the width at the half height;
L is the length of the capillary column;
k is the retention factor.

3. Result and discussion
3.1.Dynamic coating rate for surface coating.
For dynamic coating, the sol solution without TFA as catalyst had a very
low viscosity; the valve regulator was counterclockwise adjusted to the minimum
pressure at two psi. With the DCM as solvent, polymer concentration at 20
mg/mL.
With TFA catalyst, coating pressure 10psi, coating speed of
4mm/sec.
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Table 3-2 Nitrogen pressure and dynamic coating for two meters column

Pressure, psi

coating time, sec

Coating rate
mm/sec

10

60

8.33

8

47

10.64

2

180

2.77

3.2. Sol-gel solution concentration for dynamic coating
The concentration of stationary phase:
With TFA as a catalyst for dynamic coating, the polymer concentration was 10~ 20 mg per mL, precursor 2 mg per mL, TFA 20 uL, at
8~10 psi pressure of nitrogen.
Without TFA catalyst, coating speed at 4~8mm per sec, at pressure
2-4 psi.

3.3. Calibration the flow rate of carrier gas for testing
For five meters of 0.25 ID capillary column, the inner pressure was set up
at 1.8 psi; the flow rate was in the theoretical optimum flow rate of 30 cm/ sec.
For 2 or 3 meters of column, the flow rate was adjusted tween 1.0 Psi and
1.5 psi, until the GC 3800 online capillary in net pressure to 30 cm/sec,
0.9mL/min.
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Table 3-3. Helium flow rate for 5 meters of the capillary column (GC 3800)

Inlet pressure, psi

Methane, tR

Flow rate, cm/ sec

min
1.0

0.50

16.6

1.5

0.35

23.8

1.8

0.28

29.7

2.0

0.24

34.7

The measurement of column performance was at 100°C isothermal, with
alkanes and Grob Mixture as probes, choosing the peaks with retention factor
values close to 5.0 to calculate the plate number.

3.4. Measure the unretained time of methane
Natural gas was collected with lab gloves: cover the hose tip of the natural
gas ( SCA 440 Left hood) with new gloves, counter-clockwise turned to open the
valve. The pressure of natural gas expanded to the fingers of the gloves, then
natural gas was released from the gloves several times to flush the inside of the
gloves, repeated flushing and expelled the natural gas two times, the filled the
gloves with natural gas, let the five glove fingers were expanded, then rolled the
wrist part of the gloves, tied with rubber strings.
Used the dry 10 uL SGE syringe, inserted the needle of into the opened
wrist part of the gloves, draw and pushed the plunge to draw and expelled the
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natural gas slowly, to replace the air inside the needle. Draw 0.5 uL volume of
natural gas and inject into the Injector of GC 3800. Repeatedly injected the natural gas sample, recorded the retention time of the first peak, calculate the linear
velocity of helium flow about 30 cm per second, or about 14 cm per second for
nitrogen as carrier gas.
For 6.8 meters of the capillary, the retention of time was 0.61 minute, the
flow rate is 18.8cm/ sec. The 2nd peak was ethane; the third was propane, this
identity of natural gas was not confirmed by authentic reference standard yet.
Then draw 5uL of natural gas, to disperse into the one mL of Grob mix, run
testing grob mix, started at 40 °C, at 6 °C per minute, ramped to 250 °C.
The methane peak was the first peak just before the solvent DCM peak;
the propane peak may interfere with the separation of Grob mixture, the retention time was about 1.7 minute. After confirming the flow rate, inject samples,
as usual, the Retention times of the first peak of gas, was regarded as the unretained time. The retention time of the methane was used to calculate the separation factor of probes for van Demeter plot.
Sol solution with pre-hydrolyzed VTMOS with water. 0.5uL of natural gas was injected into to GC injector port, with the split mode at
the ratio of 100/1. The column and oven temperature were set at 40 °C
isothermal condition, 30 cm/ sec, 0.9 mL/min, Peak 1: 0.61min
methane; the reference standard did not confirm peak 2: ethane, both
peaks.
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Figure 3-5. Natural Gas on VTMOS-PDMDPS column
At same concentration of polymer, lower MW (about 2000) polymer PDMS
had more symmetric peaks, better resolutions for low MW analytes. Higher MW
(about 5000) polymer PDMS had better resolution for high MW analytes, the
peak at 10.72 min is the dicycle amine, which is used for testing the acidity of
the column. The left peak at 15.53 min was the fronting peak; the dicycle acid
peak was overlaid with E 11 probe.
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Figure 3-6. PDMS dynamic surface sol-gel Coating
(left) 90cps viscosity; ( right) 2000 cps viscosity.
The niobium-based PDMDPS column with a static coating, the coating solution was about 5mg per mL, with 5uL of TFA as a catalyst, the peaks were
tailing. The tailing was even worse after conditioned at 300 °C.
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Table 3-4. Niobia-basded PDMDPS column performance with
Static coating (0.25mm, 8.5m)
tR

W

(½ heigh)

Plate m-1

k

8.35

0.30

504

4.0

9.12

0.16

2118

4.5

9.57

0.20

1353

4.7

10.37

0.21

1589

5.2

16.96

0.281

2374

6.2

17.806

0.429

1122

6.5

17.12

0.220

3947

6.3

19.264

0.369

1371

7.2

Figure 3-7. Ketones on niobia -PDMDPS column (8.5m)
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Figure 3-8. Grob Mixture on Germania-PDMDPS dynamic coated column (
25mg PDMDPS /mL, 2.7m)
Table 3- 5 Germania-PDMDPS column with dynamic coating 25mg polymer/mL, 2.7m
tR

250*10hrs

320*10hrs

W

(½ heigh)

Plate m-1

k

1.44

0.07

865

4.0

2.27

0.09

1293

4.5

2.68

0.13

871

4.7

1.29

0.08

533

2.29

0.09

1328

4.19

0.16

1401
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Figure 3-9. Grob mixture on germania-PDMDPS dynamic coated column
(12.5mg polymer/mL, 2.1m)
TABLE 3-6 Germania-based PDMDPS column with
dynamic coating 12.5mg PDMDPS/mL, 2.1m
tR

250* 10hrs

320* 10hrs

W

(½ heigh)

Plate m-1

k

0.57

0.02

2142

4.7

0.84

0.03

2068

7.4

1.71

0.06

1897

15.1

0.42

0.02

1163

3.2

0.75

0.04

927

6.5

1.43

0.06

1501

13.3
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After the condition at 320 °C, the retention factors that were decreased showed
that the stationary phase bled after the high-temperature condition.

Figure 3-10. Before and after deactivation with HMDS

HMDS, PMHS solution rinsed the column, could increase the
peak plate number, but not noticeable.
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TABLE 3-7. Sol-gel PEG20M column performance with
Static coating 9.5mg/mL (0.25mm, 2.1m)
tR

W

(½ h)

Plate m-1

Tailing factors

C10

1.63

0.03

2251

1.00

C11

1.87

0.04

1729

1.20

C12

2.42

0.06

1287

0.98

C13

3.53

0.09

1217

0.89

C14

5.81

0.15

1187

0.65

Thermal stability, after deactivation at 260 °C 10 hours, the
column had symmetric peaks. The bleeding level was at 1mv. After conditioning at 300 °C, the bleeding level was at 0.5mv out of 10mv scale.
Thermal treatment column higher than 260 °C, sealing both ends
was necessary, or the column lost the stationary phase, tested polar
compounds with apparent tailing.

The cross-linking was carried out on the buffer column only. 0.5 mL Atbutane, the N2 pressure was regulated at least bubbles for two hours, then conditioning as usual up to 250C. Tested with Grob mix and alkane.
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Figure 3-11. Alkane C10-C17 on cross-linked sol-gel Column

Results: Free radical for post-coating cross-linking did not improve the
thermal stability. At 250°C for 5 hours, alkanes probes are showed peaks good,
then further condition up to 350°C for 4 hours. Tested with alkanes again. Nothing was left, the stationary phase was gone completely. At-butane free radical
cross-linking was based on the book< stationary phase for Gas chromatography.
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The thermal stability and deactivation were two main problems for the
surface sol-gel column. The linking through the silica precursor was too weak.
Also, since the sol-gel was not formed normally, the column performance and
stability were worse than reports of our group. The extremely temperature for
decomposing was 260°C, which agreed with Michael`s result for chromium Ucon
column.

Post-deactivation with HMDS and PMHS after coating were also tried, little effect but no apparent improvement in performance.
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Figure 3-12. Alkanes on PEG surface sol-gel column (7.3m)
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Figure 3-13. Fatty acids, C1 to C6, C9 to C13 pre-hydrolyzed
VTMOS with PDMDPD Dynamic coated.

The column was running with the programmed temperature from 40 to
250°C, 6 °C per minute, the low boiling points acids were tailing peaks, while
the linear fatty acid from C9 to C13 with more symmetric peaks.
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Figure 3-14. Alkanes with pre-hydrolysis VTMOS
with PDMDPD Dynamic coated.
The alkanes C10 to C17 were used as probes for testing the column performance at 100 °C isothermal conditions.
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Figure 3-15. Pre-hydrolyzed VTMOS PDMDPS with
dynamic coating -conditioned at 120 for 5hours
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Figure 3-16. PAHs on prehydrolysis-SSG-5% PDMDPS
TEOS/VTMOS=1/2
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Figure 3-17. Ketones on prehydrolyzed VTMOS
PDMDPS Pre-hydrolyzed surface sol-gel coating
The ketone, alkane, PAHs, and the fatty acids were separated on the column of PDMDPS (5% phenyl), compared with surface sol-gel coating, without
water and catalyst before coating. The full hydrolysis of TEOS requires water at
a ratio of four times [H2O]/[TEOS]. When the water was added to the sol solution
before dynamic coating ( without TFA ), the TEOS was hydrolyzed to silica acid.
After coating, the TFA vapor catalyzed condensation between the silica and the
hydroxyl groups of PDMDPS, the pre-hydrolyzed sol-gel action with PDMDPS had
higher thermal stability than regular acid-catalyzed sol-gel PDMS hybrid film.

Germania precursors are more sensitive to hydrolysis with the vapor of
water, a trace amount of water in the solvent DCM and pentane hydrolysis can
make TMOG hydrolyze. 6.5mg of PDMDPS, 1mg TMOG, 5µL HMDS, and PMHS,
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1uL of water and 1 uL of MeOH, dissolved in the mix solvent (DCM/pentane=1:10). The prepared sol-gel solution was static coated five meters of the
capillary. The symmetric peaks were acquired in grob mixture testing.

Figure 3-18. Grob mixture on Ge-PDMDPS column with the static coating, 5m.
Conditioned at 250 °C
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Figure 3-19. Grob mixture on Ge-PDMDPS column with
static coating, 2.1mConditioned at 250 °C
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Figure 3-20. Grob mixture on Ge-PDMDPS column, static coating 5m
After condition at 320 2 Hrs
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Figure 3-21. Alkanes C10-C17 on Ge-PDMDPS column, static coating 5m
After conditioned at 320 °C, isothermal 100 °C

4. Conclusion
The surface sol-gel process was applied to sol-gel stationary phase for GC,
without TFA and water. The dynamic and static coating loading to the capillary
inner surface, then catalyzed by the vapor of TFA containing 5% water to make
sol-gel gelation on the surface of the capillary. The parameter for dynamic coating and static coating were acquired.
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Germania precursors, compared with silica precursors, are highly sensitive to water, a small amount of water made TMOG to prehydrolysis, the low
viscosity of sol solution without TFA coating, both dynamic and static coating
can make a thinner coating for GC stationary phase. The test with Grob test
mixture received symmetric peaks, short retention time, and high performance
of column. The theoretical plate number was two-thirds of the convention so-gel
GC column.
Without TFA as a catalyst for the sol solution, the polarity of the sol solution and viscosity significantly changed, it may affect the surface area, the
porosity of stationary, and the thermal stability.
The diluted conventional sol-gel solution had lower viscosity and longer
gelation time, so the static coating for GC stationary phase was available. For
the preliminary static coating, 3800 and 4000( E12) plate number per meter
were acquired, but the reproducibility needs further improvement.
Three kinds of stationary phases have been tried the dynamic coating. The
theoretical plate number arrived 1400 to 2500 per meter.
Static coating with a high vacuum may suck the sol-gel precursor away,
resulting in the sol-gel network with less thermal stability. Pre-hydrolysis of the
sensitive precursors has the potential application for developing high-performance columns, without changing the basic composition of sol-gel.
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CHAPTER FOUR
PREPARATION OF GERMANIUM OXIDE CORE-SHELL
PARTICLES FOR LIQUID CHROMATOGRAPHY

1.

Introduction
The challenges of in high-performance Liquid Chromatography (HPLC) are

to achieve both high efficiency and fast separation with high resolution, and ideally to also achieve low back pressure.
The porous monolithic columns contain highly interconnected pores with
high efficiency and low back pressure, but with the limitation of reproducibility
of the column performance the from batch to batch, and the dedicate monolithic
cladding procedures to fit in the columns. The additional issues are the polymer
monoliths with potential solvent swelling problems.
Columns packed with silica microspheres still dominate the HPLC market.
Monodisperse with a smaller diameter can achieve high performance, but the
back pressure is coming with the small particles and the high flow rate for fast
separation. The ultra high-pressure liquid instruments have been developed to
meet the high performance and rapid separation at the same time, e.g. Sub -2
µm porous particles used to be a popular trend for the developing new packed
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column, but the high investment for instruments with the ultra-high pressure
standard limits the wide application of sub-2um packed column.
The core-shell particles column can improve performance, and achieve low
back pressure for fast separation at the same time. For example, particles with
1.7 um core and 0.5um shell particles can reach high performance as the sub2um diameter particles packed column, but the pressure is close to the back
pressure of 3-um particles packed column.
1.1

Development of core-shell particles and their properties
Horváth and Kirkland first proposed the concept of core-shell particles at

the end of the 1960s, but the manufacturing of core-shell particles to high-quality standards had to solve technical difficulties in the following decades [1, 2].
Until 2006, the Halo company started manufacturing the commercialized columns with 2.7-µm core-shell particles in large scale, which revealed the potential
of this new technology in LC analysis.
The characteristic structure of core-shell particles employed in chromatography consists of two main parts: (1) the inner solid silica with a diameter of
0.9–3.7 µm as the core, and (2) the external layer formed by several layers of
controlled-porosity, chemically-modified silica as the shell. With a narrow particle-size distribution, the nucleus and the shell together make spherical particles
total diameter between 1.3–5 µm[1, 2]. Until 2006, the Halo company started
manufacturing the commercialized columns with 2.7-µm core-shell particles in
large scale, which revealed the potential of this new technology in LC analysis.
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Figure 4-1. SEM of 2.6-µm (left) and 1.7-µm (right)
Kinetex core-shell particles (Adapted from [3], Phenomenex catalog).

The benefit of core-shell particles compared with total porous particles:

(1)

column permeability is increased, back pressure is suitable for ex-

isting conventional HPLC, the high flow rate makes fast analysis possible. The
fast mass transfer as the thickness of the shell layer decreases.
(2) The solid nuclei reduce longitudinal diffusion.
(3) The reduced porous region in the particles reduces the band broaden-

ing caused by intra-particle paths and diffusion processes.
(4) The higher thermal conductivity associated with the solid-silica nucleus improves heat dissipation.
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Figure 4-2. Van Deemter plot from commercial particles
Adapted from reference [4]
Based on the van Deemter equation, the A term is for eddy diffusion factor,
A=2λdp, dp is the diameter of the particle, the theoretical plate height is proportional to the diameter of the particle. Traditionally, the totally porous particles
are used in HPLC[5], the particle size has been dramatically changed from 5um
to 1.7 um for achieving the high performance, however, the back pressure of LC
increases from 600 bars to 1000 bars for the small particles. The ultra-high
pressure has a higher requirement for the liquid pump and detector system,
sub-3um, and sub-2 um created several times of back pressure than 5um
packed column, regular HPLC did not achieve higher performance, nor did it
save time. Core-shell particle solves the requirement to meet both high performance and the required high pressure, at the same time. These particles are
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made of a solid, nonporous core surrounded by a porous shell. The superficial
porous shell has a very short retention time and lowers the back pressure efficiently.
Based on the contribution of the core-shell particle to the high performance, the theoretical plate height, the core-shell particle A term takes 40% of
the reduced height, while term B/u and Cu takes 25% each of the decreased
plate height.
The most common core-shell particles are 2.7 um total diameter, with
shell layer 0.5um.
Most manufacturing pores lines are divided into two categories: (1) 80-90
Å pores are for small molecular weight compound, and (2) 150- to 300 Å of the
pores are suitable for the macromolecular.
H=A+B/u+Cu
The C term quantifies the mass-transfer resistances between the mobile and
the stationary phases. In the case of totally porous particles, the increase of flow
rates produces a significant increase in the C term the reduction in the value of
the C term in core-shell particles compared with totally porous particles is only
substantial in the case of high-molecular-weight compounds and fast flow rates
[6].

1.2.

The features of germanium nanoparticles
Germanium oxide nanoparticles have been prepared from alkyl oxide and

salts source of precursors. The shapes of germanium oxides nanoparticles
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include grain, cube, silky, or islands distributed on the substrate surface. Germanium dioxide nanoparticles (NPs) of varied sizes and morphologies using morphology control was achieved by tailoring the reaction mixture. Water/ethanol
ratio, ammonium hydroxide concentration, time, and temp [7].
Using the hybrid precursor of silica and germania, a simple sol-gel route
prepared the (1 - x) SiO2:x GeO2 compounds. This sol-gel method overcomes the
shortcoming of the irregular shapes of the particle. Spherical, completely amorphous and tetragonal, GeO2 nanocrystals from 3.7 nm to 25.0 nm in silica-rich
amorphous phase materials were obtained. The ratio of 80SiO2:20GeO2 was an
optimum result [8].

Germanium can also form Ge-C bonds via the sol-gel method. For instance,
nanosized GeO2 anchored on an N-doped C matrix (GeO2 /N-C), followed by a
calcination process, in an inert Argon atmosphere [9]. The GeO2 /N-C showed
superior electrochemistry performance over pure GeO2.

Sn-doped GeO2 powders were prepared by a sol-gel process with GeO2 aqueous ammonia solution as the precursor. The Sn-doped GeO2 powder sample consists of double-layered particles and has a hexagonal crystal Structure
[10].
Jing et al. added Polyvinylpyrrolidone (PVP) to germania sol-gel network
and stabilized the coating. Using tetraethylorthogermanate and PVP as starting
raw materials, PVP chains were adsorbed onto GeO2 particles capped the surface
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HO-Ge- groups of particles. PVP also provided steric hindrance against aggregation of particles resulting in a stable sol with a viscosity value of about 35 mPas
[11], which made thick, crack-free GeO2 sol-gel coatings available.
Non-sol-gel source of germaniumm worked with silica sol-gel precursor.
Ge-doped SiO2 glasses are prepared. By a sol-gel method using Et silicate
(Si(OC2H5)4) and 3-trichologermanium propanoic acid (Cl3GeCH2CH2COOH) as
starting materials. It revealed that Ge atoms exist as amorphous GeO2 particles
in the gel glasses. Additionally, the size of the amorphous Ge oxide nanoparticles
increases with an increase in the content of Ge in the starting materials[12]
Germania sol-gel is very compatible with other transition metals. For example,
monodispersed, ellipsoidal and hollow GeO2-doped TiO2 nanoparticles have been
successfully prepared. By an improved sol-gel method, the photocatalytic activity
of GeO2-doped TiO2 prepared by sol-gel method was much higher than that of
pure TiO2 particles [13]. The added GeO2 is considered to become incorporated
into the anatase structure. The formation of this amorphous GeO2 surface layer
is thought to play an important role in retarding the anatase-to-rutile phase
transition, by suppressing diffusion between the anatase particles in direct
contact and limiting their ability to act as surface nucleation sites for rutile, as
in the case of SiO2 additions [14].
A technique was developed for the preparation of ultrafine-particle
GeO2 ·H2O undergoing peptization in alkaline and acidic solution to form stable
sols, which can be transformed into continuous uniform GeO2 films [15].
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M.B. Dickerson et al. used molecular peptide recognition for strong binding to germanium methoxide, forming germania nanoparticles at the size of 300500nm. The BET surface area acquired 13.9 m2 /g. [16] [17]
Hollow GeO2 particles were synthesized by hydrolysis of GeCl4 and SnCl4,
under-diluted ammonia hydride in ethanol solution [18]. The uniform ellipsoidal
GeO2 nanoparticles with sizes of 200~300 nm had the specific surface (∼15 m2
g_1) with nitrogen adsorption BET.

Figure 4-3. SEM images of ellipsoidal hollow GeO2 particles
Adapted from reference [14]
Crystalline GeO2 has mainly two structures: hexagonal and tetragonal
[19]. Hexagonal GeO2 is somewhat soluble in water (0.453 g per 100 g of water,
25 °C) with a structure of low-quartz, while tetragonal GeO2 is insoluble with a
structure of rutile. Generally, the hexagonal GeO2 exhibits a higher solubility at
high pH value, such as the GeO2 aqueous ammonia has been used as the precursor solution for the preparation of GeO2 based sol-gel bulk materials.
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Data has been presented for two GeO2 gels, one prepared by hydrolytic
polycondensation of germanium ethoxide, and the other by dissolution of GeO2
in an ammoniacal solution of the ethoxide results in a hexagonal-type gel structure, whereas dissolution of GeO2 in the presence of NH4+: ion gives a six-coordinated.
Truncated cube-like GeO2 with a size of about 600 nm was produced in
the solution with hydrochloric acid. When phosphoric acid was used as the induction agent, the spherical-like GeO2 particles with a size of 50–150 nm were
produced. The monodispersed GeO2 cubes with an average edge length of about
700 nm were formed in the solution containing ascorbic acid. The nanoparticles
features are summary in the table.
Germanium methoxide (2 µL) was added to the peptide solution. The pH
was then adjusted to 8.2 by addition of ammonium hydroxide. A white precipitate was formed almost immediately. Biomineralization in the presence of the
peptide sequence T-G-H-Q-S-P-G-A-Y-A-A-H provided molecular recognition motifs for strong binding to germanium ions, acquired Germania nanoparticles at
the size of 300-500nm. Pore size distributer 10 -100 Å. The BET surface area
was calculated as 13.9 m2 /g. ( Maureen R. Regan et al., Materials Letters 61
(2007) 71–75) ( M.B. Dickerson, R.R. Naik, M.O. Stone, Y. Cai, K.H. Sandhage,
Chem. Commun. (2004) 1776.)

Local ordering, as characterized by the Ge-O bond length and coordination
number, remains constant for the pressure range from ambient to ≃5 GPa. As
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the pressure is increased further to 8.6(5) GPa, however, a steady increase from
4.0(1) to 4.9(1) is observed in the Ge-O coordination number, as the
corresponding distance increases from 1.73(2) to 1.77(2) Å. The results are
therefore consistent with the operation of two densification mechanisms, the lowpressure one associated with squeezing the open network of corner-linked
tetrahedral motifs and the high-pressure one associated with a transformation
of those motifs. Whereas, dissolution of GeO2 in the presence of NH: ion gives a
six-coordinated, tetragonal gel structure.
Heat treatment of GeO2 causes a partial loss of tetragonal structure with
loss of H2O and NH3 to give a mixed tetragonal and hexagonal structure which
further rearranges and disproportionates and then eventually sublimes. Unlike
SiO2, which can only form gels of hexagonal structure, GeO2 can form both fourcoordinated and six-coordinated amorphous gels, and their crystallization behaviors are entirely different.

Figure 4-4. Projection of Germanium Oxide crystallines
α-quartz(left); rutile-(right)
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adapted from Ref
Chiu and Huang used the triton 100 and hexanol as the cosurfactant to
prepared the reverse micelle, the Ge(OEt)4 reacted with different ratio of the water, the hexabranched GeO2 particles with an average length of 185 nm were
produced within the pH range 0.9 to 1.1[20]. Using TEOG as a precursor, in fact,
GeO2 is capable of forming a hexagonal structure [21].

Figure 4-5. SEM of the GeO2 nanoparticle products obtained using different h values, or the [H2O]/[Ge(OEt)4] molar ratios [22]
Reprinted permitted by ACS
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Table 4-1. Catalyst effects on the shapes of germanium oxide particles
Precursor

Catalyst

shape

size

References

GeCl4

NH3.H2O

spindle

200-300nm

[23]

TEOG

Serine

cube

1.2um

GeO2

Hydrochloric acid

Cube-like

600nm

Jing [11]

GeO2

Phosphoric acid

Spherical-like

50-150nm

Jing[11]

GeO2

Ascorbic acid

cube

700nm

Jing[11]

In summary, there are typical features for germanium particles: (1) pure
germanium oxide particles are not spherical, (2) germanium oxide particles in an
alkaline condition may form 6-bonds with super stability, and (3) germanium
oxide particle has a low surface area.
, the above features should be considered when working with another
type of materials c.
Silica-based particles are the most popular in the separation world, with
strong hardness and high stability in normal mobile phase. However, the silicabased particles have the acidic surface; hydrogen bonding effects make the tailing peak for the basic analyte, even the surface is not stable in the mobile phase
basicity more than pH 8.

1.3.

Germania surface chemistry
Germanium is the same family element, the electronic configuring is

similar, for sol-gel reaction, the germanol group has the same reaction as the
silanol groups. However, germanol group concentration may be a hundred, or
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even thousand times higher. Germania CVD on the silica surface showed the
nanolayer of GeO2 on silica without Lewis sites and Bronsted acid compared
with Alumina, Titania, Zirconia oxides coated on silica surface. One germanium
was proved with two germinal groups. while the silanol groups are 2 to 4.6 OH
per nanometer square, for fully activated silica surface. The silanol groups can
be irreversible after thermal treatment at the 430 above.
Transmission FTIR spectroscopy can be carried out since the germanium
material has a wide IR window in the mid-IR region, like silicon. While much
work remains to be done on this material, preliminary results suggest that porous germanium is tantalizingly different from porous silicon and thus may yield
new and interesting new properties (Brick J 2007)[24].

Figure 4-6. Pathway of Hydroxyl group on germania and silica surface
Edited from Book [25]
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Wet chemical approaches to Ge-C, Ge-S bond formation

Figure 4-7. Germanium surface modification with Ge-C, Ge-S bonds
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Table 4-2. Thermal stability and solvent stability for
Germania surface derivatization
Reaction
Ethyl Grignard,
Pentadecyl Grignard

Product

Stability

≡ Ge-ethyl

stable in the air less than 200 °C

≡Ge-pentdecyl

30 min stable in boiling water,
20% HCl

1-hexadecene addi-

≡Ge-hexadecyl

tion
1-dodecene addition
Hydrogermylation

stable in HF, boiling water, chloroform

≡Ge-dodecyle
≡Ge-H

Stable
Not stable

The Germanium surface with germanhydride, germanol, can be modified
for improving the thermal stability and harsh solvent stability.
Properly coated or surface-modified nanoparticles have the large surface
area, big pore size, and adsorption volume. Thus, core-shell particles can offer a
high potential for numerous applications, due to the change in their
characteristic interfacial properties. We focus on the LC application of core-shell
particles. It is known that silica particles synthesized by the Stöber method are
uniform spheres but have a very small pore size and total pore volume, these
features are suitable for the solid core particle.
The stöber process is regarded as the protocol route to prepare monodisperse silica spheres because the reactants are normal and a reaction condition
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is controllable and is easy to be carried out. Seed growth method derived from
the Stöber process is mainly used to prepare silica particles in the range of 0.05–
2 µm through the hydrolysis and condensation of alkyl silicates under alkaline
conditions in alcoholic solutions. A certain number of small particles prepared
from the Stöber process are introduced into the alcoholic solution in the presence
of NH3 and H2O. Then, the measured TEOS is added into the growth solution
above mentioned, and the hydrolyzed TEOS reacts with seed particles to form
uniform larger particles rather than new particles by adjusting the parameters
of reaction.
Since Stöber prepared silica particles [11], many types of research were
conducted on the size distribution depended on the countertraction of TEOS.
Bogush et al. presented increase the solids weight fraction above 3% by merely
increasing the initial TEOS concentration with a seeded growth technique to increase mass fraction up to 17%, but this process required long reaction time and
multi-addition steps.

Table 4-3. Effect of [TEOS] on the size of silica spherical particles
[TEOS], M

Diameter

Method

Reference

0.068-0.22

70-730nm

stöbe

Chen

0.05–0.67

20-880nm

stöbe

wang

0.10–0.50

3% increment in

Add TEOS grows

Bogush

size on initial con-

seed

centration.
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The reaction conditions including TEOS, NH3, H2O, solvents, temperature, and the formation mechanism of particles are also investigated.

2. Material and methods
2.1. Chemicals and equipment
Ammonium hydroxide (NH3, 28% ~ 30%, A.C.S reagent from Aldrich.); Ammonia Hydride 50% (v/v) solution. Approximately 13.3% NH3 by weight, was
from Ricca Chemical Company (Allington, Texas), TEOS (98%, A.R.), ethanol
(99.9%, 200 proof), and isopropanol (IPA, A.R.) were purchased from Fisher Science. Ammonium hydroxide was used as a catalyst for the hydrolysis and condensation of TEOS. Water (>18 M Ω) was obtained from Maxima HPLC water
purifying system.
Tetramethoxygermane

(TMOG),

(TEOG), MW=252.84, 238-007-8;
3;

MW=196.73;

Tetraisopropoxygermane(TPOG),21154-48-

Tetra-n-butyloxylgermane(TBOG) ,MW 365.05;

ysilane(ODS), MW 416.76,

Tetraethylgermanium

n-Octadecyl

triethox-

were purchased from Gelest, inc. The following

densities (ρ) and molecular weights (MWS) are used to calculate the concentrations of the various chemicals: ρ TEOS = 0.934 g/cm3, MW = 208.33 g/mol; ρ
ammonia hydride = 0.907 g/cm3 (25 wt.% NH3); ρSiO2 = 1.9 g/cm3, MW = 60.09
g/mol.
Thermix stirrer, model 120S, was purchased from Fisher Scientific (Pittsburgh, PA), speed Continuously Adjustable from 200 to 2500 RPM. The stirring
rate was selected at four out six levels of speed, except for special demonstration.
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Talboys laboratory stirrer, Model 101, 0.5AMPS, 1/5 Horse, 500 ~7500 RPM,
was purchased from Troemner LLC (Thorfare, NJ).

2.2. Preparation of sol solutions.
The Pressure round glass (600 mL, AC glass) was used as the container of
the precursor, Nitrogen cylinder with regulator valve was used as pressure to
introduce the precursor to the reaction flask. 250mL round bottom flasks were
used as reactor container, 10 mL, 100 mL graduate cylinders were used as a
measurement the solvent, water, and ammonia.
The detailed concentration at 5 mL preliminary scale, as followings:
[EtOH]=1.78 M,[NH3·H2O]=8.823 M, [TEOS]=2.13 M, [H2O] =41.67 M, for this
composition, ammonia hydroxide and H2O were over beyond the precursor, in
order to reach the normal concentration range, the ammonia hydroxide was
diluted to about 14 times, to the destination of [NH3.H2O]=1M, [H2O]=2.5
M,[TEOS]=1M, 3.2mL TEOS, 1mL NH3.H2O were used per 14mL total volume of
sol solution, ammonia hydroxide was also the source of water for hydrolysis .
For the comparable experiment conditions, the preliminary experiment
was carried out at 70mL total volume; the volume was adjusted by alcohol up to
70 mL, every time only one factor was changed, the ratio of the reagents was
kept same when it was scaled up the prepared.
All initial reaction in round bottom flask solvents was kept same total volume: measure the proper amount of ammonia, water added to 250 mL flask,
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then use the same kind of alcohol dilute to the total volume 140mL, ethanol,
isopropanol, butanol alcohol was used individually.
The silica precursor solution in pressure vial was kept 10-20mL, dissolved
in the same kind of ethanol which was released from the alkoxides after hydrolysis, for example, methoxide was diluted with methanol, ethoxide was diluted
with ethanol, isopropyl oxide was diluted with isopropanol, solvent to regulate
the concentration of precursor, dilute solvents were the same as the alkyl alcohol. The total volume was kept the same as 140 mL, water and ammonia hydride.

2.3. Preparation of the silica particles
Silica core particles in size range of 800–2500 nm were synthesized by
the hydrolysis and condensation of TEOS in alcohol in the presence of ammonium hydroxide as a stöbe method.
The reactions are carried out at [TEOS] = 0.22–1.24 M, with low
concentrations of ammonia hydride [NH3] = 2.5 to 5.0M used as a catalyst and
as a source of the water. First, a certain amount of ammonia hydride and isopropanol were stirred for 10 min, and then a known volume of TEOS was added
dropwise into the above solution at specific temperatures under magnetic stirring. After the addition of TEOS, the clear solution gradually turned opaque due
to the formation of a white silica suspension, and it was continuously stirred for
five hours. The silica particles were centrifugally separated from the suspension
and washed with water and ethanol for four times, and then they were dried in
a thermostat oven at 105 °C for five hours before the characterization. The
163

number of reactants was calculated and measured by micropipette. All concentrations were calculated based on final concentration in the reaction mixture.
The round bottom flasks were coved with parafilm to prevent NH3 volatilization
from achieving good reproducibility.

Table 4-4. preparation of silica core particles (1.65um)
Procedure

Specification

Quantity

isopropanol

99%

70.0mL ice cold

MeOH

99%

20 mL

NH3.H2O

28%

17.0 mL

Stirring

#5 /6

5 hours

TEOS

99.8%

10 mL

EtOH

95.6%

10 mL
12 drops/ min

The size and EDS of the resulting particles were tested with a scanning
electron microscope (SEM) (Hitachi, Japan). Dr. Ma’s group measured the
adsorption and desorption of nitrogen with super pressure adsorption machines.

2.4. Preparation of Shell particles.
2.4.1. One port core-shell particles coating:

164

For the preparation of the silica core particles, without the separation of
the particles from the solvent, directly used the silica particles as seeds particles,
dropwise the germania precursor solution to the prepared silica particles.

2.4.2. Two-step core-shell particles coating:
Separate the silica core particles from ammonia solution, rinsed with
deionized water to neutral, rinsed with ethanol to replace the water from the core
particles, redispersed the core particles in alcohol, adjust the pH to weak acid(
pH=6), dropwise the germania precursor solution to the prepared silica particles,
then dropwise the TFA until pH =2. The two-step coatings were for acid catalyzed
germania shell coating.

Table 4-5. Acid-catalyzed Shell coating and surface modification
Procedure

Specification

Quantity

Silica particles

1.65 um

7.5 mL in 40mL EtOH

TFA

99.80%

600uL, with5% water

TBOG

99.8%

2mL in 10mL EtOH

C18(ODS)

98.8%

2mL in 10mL EtOH

The actual examples: [H2O]/[TEOS]=5.14 times, [H2O]/([TEOS]+[TBOG])
=3.3 times.
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2.5. C18 graft to the core-shell particles
2.5.1. Toluene reflex with ocdecyltricholrosilane:
500 mg of core-shell particles were dispersed into 5mL of toluene,
dropwisely added the C-18 trichlorosilane 1mL, reflexed for two hours with nitrogen protection, then keep stirring overnight.
2.5.2. Sol-gel modification with octdecyltriethoxylsilane:
500

mg

of

core-shell

particles

were

dispersed

into

1mL

of

octdecyltriethoxylsilane at room temperature. TFA and TEA were used as the
catalyst individually. After confirming the EDS data, 7.5 mL of core-shell wet
particles

were

dispersed

in

40

mL

of

EtOH,

dropwise

5mL

of

octdecyltriethoxylsilane, add TFA to pH =2, stirring for 2 hours. For base catalyzed surface modification, without separation of the core-shell particles, 5mL of
octdecyltriethoxylsilane was added dropwise to the core-shell particles reaction
mixture.
2.6. Post-treatment of particles
The core-shell particles were separated by natural precipitation, poured
out the top clear solutions. EtOH was added to float the particles, waited for
natural precipitates, separates particles by drawing the top layer of solvent. Repeated washing the particles with water to neutral by floating methods. Centrifuge at 4000 rpm with 15mL centrifuge tubes was used for small particles only,
but the shape of particles was changed if the particles were not aging enough.
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3. Results and discussion
3.1. Select of the concentration of ammonia hydride
In our reaction system ([NH3] = 2.5, [TEOS]), four types of alcohols were
compared, isopropanol as solvent had following significant features: low cost,
safe, proper polarity, and density as well as the boiling points. NH3 was used as
a catalyst for hydrolysis and condensation. Thus, coagulation may be formed if
the concentration of NH3 is too high, and the reaction will need a long time, or
even no silica particles can be obtained if the concentration of NH3 is too low.
To solve this problem, optimized [TEOS] and appropriated NH3 concentration
by multiple experiments.
The detailed synthesis conditions of our reaction system were presented
in Table. The monodisperse particles can be achieved at 0.67–1.115 M TEOS and
bimodal final particle size distribution appear at 0.22–0.56 M TEOS, and then
coagulation occurs at a higher concentration at 20 °C. This phenomenon has
never reported for the preparation of silica particles in the past. Furthermore,
the diameter of the particles also increases gradually as the concentration of the
TEOS increases, and the TEOS quantity has a significant influence on the particle diameter. Still, the fact that decreasing of temperature contributes to larger
particle formation reported by Tan et al. The monodisperse particles, in the range
of 920–940 nm, can be obtained for 1.24 M TEOS at 5 °C with an ice bath. Low
temperature might not only slow down TEOS hydrolysis and condensation
reactions but also reduce vibration of oligomers, which may avoid aggregation
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among oligomers to some extent and result in the formation of large particles at
high TEOS concentration.
3.2. Selection of alcohol
Methanol, ethanol, isopropanol, and butyl alcohol were used to compare
and to observe the influence of the solvents on the particle size.
Coagulation of particles can be obtained when methanol and ethanol are
used as solvents at 1.24 M TEOS, and small particles can be formed by the increment of the polarity of the solvent. References contributed the different particle size to the different dielectric constants (methanol = 32.6, ethanol = 24.3,
isopropanol = 19.9), which affects the particles size in the growth process. The
static repulsive force between nuclei is smaller than the van der Waals attractive
force when the solvent’s dielectric constant is smaller. We observed that density
and viscosity were the main factors, cloudy and precipitates of particles took
place after the precursors were introduced to the ammonia solution for the five
minutes. Additionally, while isopropanol can last longer time to remain the
reaction continued without fast precipitates formed, butanol supports the size
growing reaction with longer time too, but the size distribution of particles are
bigger. Partial methanol and ethanol were added into ammonia solution, to reduce the velocity of hydrolysis. The shapes of the particles were battered with
the surfaces of particles remained much more smoothly, whiles pure isopropanol
gave particles with a rough surface, 10% methanol (v/v) in isopropanol was the
optimum solvent for the particle. Butanol was too viscous, with an unpleasant
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smell, with higher boiling points which lead to the difficulty to vaporize the
solvent from the final particles.
Four major parameters contribute to raising the particles size from 500
nm to 1900nm without the aggregation: (1) low temperature; (2) low ratio of
NH3/TEOS; (3) low polarity of IPA benefits the formation of large particles and
steric effect and the density of IPA; and, (4) partial methanol for slowing the hydrolysis of the precursor.

3.3. Effect of H2O and NH3·H2O concentration on the size distribution
The ammonia hydride and water concentration were regards as one factor
for simplifying the complexity of factors, since the concentrated ammonia hydride contains the NH4+ and water, which were diluted at the same ratio when
ammonia hydride was added to the alcohol solvent.
Based on the stöbe method profile, the particle size increased first, and
then aggregation forms with the increment of NH3 concentration.
When [NH3.H2O] =5.0, with isopropanol as a solvent, the 0.943 µm particle
was obtained, the reaction was done in 5 minutes.
When [NH3.H2O] =2.5, a 1.7 µm core particle was obtained.
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Figure 4-8. Effect of [NH3.H2O] and [H2O] on the
size distribution of the stöbe silica particles
Adapted from Ref [[26] ]

NH3, as a catalyst, accelerates TEOS hydrolysis and condensation reactions, resulting in producing more oligomers to form larger particles. However,
at higher NH3 concentration, aggregation will be established if the condensation
rate is more extensive than TEOS hydrolysis rate. With the dilution of ammonia,
the water concentration was decreased at the same scale, and the hydrolysis rate
was slower.
Thus, we have applied two types of strategy:
For one-pot core-shell particles, the ammonia hydroxide concentration
was kept at 0.5 M for silica core particle, pumping the silica precursor very slow.
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When the reaction was done, kept stirring for 2 hours, then adjusted the pH to
6 with TFA, for coating the Germania extension layer.
For two steps of core-shell particles, the 2.5 M ammonia hydroxide was
used, core particles preparation were done in an hour. Then the core particles
were separated from the solvent, used ethanol solvent to rinse the ammonia
away, adjust pH about 8, then redispersed the particles in isopropanol since the
ethanol can inhibit the fast hydrolysis of TEOG, or exchange the alkyl root with
the germania precursor.

3.4. Concentration of TEOS and the adding speed
After fixing the concentration of ammonia hydride, the silica precursor
TEOS was introduced into ammonia alcohol system through nitrogen purging,
20mL of TEOS/EtOH (1/1, v/v) were dropwise added to the reaction system
within 2 hours, nitrogen pressure was set up the two psi. At constant rate to add
precursor rate was critical for uniformed size as the monodispersed requirement.
TEOS dissolved in equal volume of ethanol; this purpose was to decrease the
hydrolysis rate.

3.5. Preparation coating of TBOG
2mL of TBOG was dissolved in 10 mL ethanol, in stead of butanol to inhibit
the hydrolysis, but the high boiling points affect the drying of the product. The
high viscosity of butanol required higher purging pressure of nitrogen to introduce the precursor to the reaction system.
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The starting solvent amount including isopropanol 80mL, mix with 20mL
of ammonia hydride in 250mL round bottom flask; 20mL of TEOS is dissolving
in 20 mL of ethanol, in pressure glass cylinder vial (60mL), with the valve connected to nitrogen tank.

3.6. Temperature options
Low temperature can increase the average distance between vibrating particles to avoid the overlapping of double electrical layers of particles, which benefits the formation of well-dispersed particles. However, it was easy to make particle at 1.7um for core particles; the ice bath is not necessary. For the preparation
of big size of particles, the ice bath was set up, cover the ice bath with polymer
foam, in case of the vapor disturbing the concentration of mixture solvent.
Since the germanium oxide cannot form a spherical particle, we prepared
the particle with silica-germania hybrid precursor, the experiment was carried
out in a small vial, for not form the gelation immediately, we prepared the homogeneous precursor solution and ran the experiment under nitrogen protection,

3.7. Preparation of germania particle with a single precursor
TMOG, TEOG TPOG, TBOG was individually introduced to the ammonia
hydride flask.
The TMOG, TEOG were highly reactive to moisture in the air, easy to form
the precipitate, the capillary for transferring the germanium precursor solution
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was clogged due to forming the precipitates on the micropipette tip, syringe needle as well as capillary open end. The precursor TPOG and TBOG were felt less
active to moisture of air or water in solvent.

Figure 4-9. Particles from single germania precursor
(left) 100% TMOG and (right) 100% TPOG

Figure 4-10. Particles with silica mixture precursor TBOG/TEOS (1:1, v/v)
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Figure 4-11. EDS for hybrid particles from TBOG/TEOS (1:1, v/v)
The EDS measured the above figure labeled particles with1.02um diameter
showed the element weight percent of germanium (77.52%) and silicon (9.22%)

Figure 4-12. Germania particles with TEOS/ TBOG (v/v, 80%/20%)
174

Table 4-6. EDS for Germanium content in core-shell particles
Atom percent

Acid catalyst

Base catalyst

Si

61.66%

14.76%

Ge

25.34%

48.00%

O

1.61%

37.24%

Weight percent

Acid catalyst

Base catalyst

Si

6.97%

9.22%

Ge

50.47%

77.52%

O

36.41%

23.26%

3.8. Effect of salt on the core particles.
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Figure 4-13. Shell coating for 90 min at 50 °C with Ge/Si (20/ 80%, v/v)

Figure 4-14. Effect of KCl in ethanol on silica core particles
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Figure 4-15. Effect of NaCl on silica core particles with isopropanol

Figure 4-16. Effect of NaCl on silica core particles with isopropanol
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3.9. Surface modification of C 18 grafted to core-shell particles
Coating with alkyl chain for decreasing the polarity of the silica particles,
in suppressing the undesirable peak tailing in reversed-phase liquid chromatography caused by hydrogen bonding, ion-exchange and chelate formation processes. Silica particles were derivatized to octadecylsilylated (ODS) through the
sol-gel reaction with precursor of octadecyl trimethoxysilanes or trichloro octadecylsilane.
The commercial particles were made through the reflux the silica particles
with trichloro octadecylsilane in toluene solvent, catalyzed by strong acid. While
the sol-gel reaction with octadecyl trimethoxysilanes at room temperature with
the solvent less toxic than toluene.

Figure 4-17. C 18 derivatization on the surface of core-shell particles
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Figure 4-18. Overview SEM of silica-core germania shell particles

Figure 4-19. SEM of silica-core germania shell particles
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Figure 4-20. Close view SEM of silica-core germania shell particles

Figure 4-21. SEM of Silica-core germania-shell particles 2.2um
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Figure 4-22. Pore size distribution of core-shell -C 18 -particles 2.2um

0 .0 0 0 2 0

3

-1

P o re V o lu m
(c em g )

0 .0 0 0 2 5

0 .0 0 0 1 5
0 .0 0 0 1 0
0 .0 0 0 0 5
0 .0 0 0 0 0
15

20

25

30

35

40

45

50

P o re W id t h (A n g s t r o m s )

a

Figure 4-23. Pore size and pore volume of particles
(a) Core-shell particle
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Figure 4-23. Pore size and pore volume of particles
a. Core-shell particle; b. Core-shell-C 18 particles
Before and after C 18 derivatization, both core-shell particles had
the polygonal pores. After derivitization with C 18 , the core-shell-C 18 particles had three times of pore volume.
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Figure 4-24. Nitrogen adsorption of silica core particle
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Figure 4-25. Nitrogen adsorption of core-shell particles
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Figure 26. Nitrogen isotherm of SiO2-GeO2- core-shell C 18 particles
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3.10. Nitrogen adsorption/desorption
The test showed SiO 2 core particles had a small surface area and
pore volume, with a smooth surface, showed a little porous character.
Shell particles showed six times the adsorption volume, which was
more porous than the core- particles.
For improving the non-porous character as solid core, the reaction
mixture solution should be degased, and the dropwise precursor solution for the core particle can be supplied by a micro liquid pump, instead of nitrogen purged the TEOS.
Effect of ammonia hydride concentration on the size of the core
particles: Concentration of ammonia hydride: from 7 to 0.5M, the size
of silica particles changed from 800nm to 1650nm. With 0.5M ammonia
hydrate as a catalyst, using Stöber method to obtain the silica core
particles with uniformed size. Conditions for 1.6-1.9 µm core particles
have good reproducibility for preparation.

GeO 2 shell particles were obtained with different catalysts, a basic
catalyst with non-aqueous solvent came out thicker and more smooth
shell particle. TEA taking the place of ammonia hydride reduced the
precipitates of germania precursor.
Shell layer has relative more significant pore volume. Base catalyst gave thicker shell coating than an acidic catalyst. C 18 modification
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of core-shell particles (25.8%) showed much higher carbon loading percentage than the GeO 2 shell (6.9%) and SiO 2 core. The background
carbon loading may come from the residual organic solvent or the organic components from the tapes for SEM sample fixing.

Table 4-7 C 18 carbon loading for Core-Shell Particles

Atom percent

Before derivation

After derivation

C

11.34%

34.85%

O

61.66%

53.16%

Si

25.34%

11.65%

Ge

1.61%

0.34%

Weight percent

Before coating

After coating

C

6.97%

25.83%

O

50.47%

52.47%

Si

36.41%

20.18%

Ge

6.14%

1.51

The conclusion of the preparation of core-shell- C18 particles
The reaction system for development of silica core particles was successful.
Ammonia concentration was diluted about seven times (20mL ammonia hydride,
diluted up to total volume to 140mL based on the final total amount), 20mL of
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TEOS dissolved in 20 mL ethanol, which was introduced to the ammonia isopropanol mixed solvents at a constant rate controlled by nitrogen. The core particles
at 1.7 um were obtained. Extension layer of germanium oxide was coated with
dropwise adding 2mL of TBOG in 10 mL ethanol solution into the prepared core
particles system, 2.2 um of core-shell particles were obtained. Further C18 surface derivatization was done by dropwise adding trietoxyloxide octadecylsilane to
the previous core-shell particles system. 27% Carbon loading was grafted onto
the surface of core-shell particles through the sol-gel reaction 6.9% carbon loading background value was deducted.

3.11. HPLC column slurry packing
2 gram of 2um core-shell particles were dispersed in isopropanol,
sonicated for 15 minutes. Introduced the suspension into 1mL injection
loop, connected the sample loop to water 510 pumps; another end was
connected to the HPLC short column kit(3.9mm×33mm, Resteck® )
checking the leaking and tight the thread connection, then start the
pump to press the particles into the HPLC column kit, after full filled
particle and HPLC pump pushed the particles, put on the frit onto the
HPLC column end, tighten the column cap on. The water pumps were
stopped entirely because of the high back pressure of the column. After
tightening both ends of HPLC column, connect to the HPLC pump, use
the methanol to condition the column for 2 hours at the flow rate 100ul
per minute.
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3.12. Preliminary sample testing of HPLC column.
Sample solution: dissolve the toluene, urail, pheryl, as well as the
theophylline, caffeine solution, 0.5mg/mL, acetonitrile and water as the
mobile phase, flow rate 0.2 mL/ mL, column injection valve, injector
amount 10ul, recorder the baseline and retention time.

Figure 4-27 Urail on HPLC short column with
2µm Core-shell Particles

187

Figure 4-28 Toluene on short LC column
with 2µm Core-Shell Particles

Figure 4-29 Theophylline, caffeine on HPLC short column
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Figure 4-30 Perylene on short column with 2µm Core-shell particles

3.13. Slurry packing Capillary column

3.13.1. Preparation of capillary frit [27, 28]:
Mixed 300 µl Kasil® 2130 potassium silicate and 100 µL of formamide in
2mL of centrifuge vial. Tapped the vial to mix them well. Inserted 0.25 mm ID
deactivated fused silica capillary tubing into the mixture and immediately pulled
out and put them into a small glass test tube. Polymerized in oven 100 °C for
4h. Cooled down to room temperature; it was ready for packing capillary with
core-shell particles. Mark the frit end as elution exit.

3.13.2. Slurry packing capillary particles
Since the packed short column was not working well, the capillary
column was packed, the 2µm core-shell particles were dispersed in
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methanol, sonicate for 15 minutes, then milky suspension was introduced to the 0.25mm capillary column with 1mL of injector loop, 15 cm
of full packed capillary was obtained the make the frit on both ends.
After slurry packing the capillary, another end can be made the frit same
as above method. The ends were filled by the Kalsil ®2130 potassium
silicate sol solution, aged the capillary frit in the GC oven overnight at
100 °C.

3.13.3 Conditioning column with mobile phase MeOH/H 2 O
After the frits were cooling down to room temperature, the
capillary column was installed in sample loop positions on the manual
injection valve. Run the capillary column with pure methanol, the flow
rate at 100ul per minute, the pressure was gradually increased to the
strength of the HPLC pump, the pump stopped. After the pressure of
was returned to natural room pressure, restart the pump, until the
pressure reached the up limit again.
Elution with 80% MeOH, 20% at the flow rate of 50ul per minute,
the pump pressure was increased to the limit and made the pump
stopped. After several elutions with 80% MeOH, the capillary was
observed the particles bed was gradually small until 70% volume of the
capillary was empty. Based on the pore size of the frit regular capillary
packed column with 5µm particles, the particles with 2.2µm particles
may be leak or partial dissolved. After weighted the capillary on
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balance, the mass lost about the same scale as the volume, at 60% of
the mass disappeared.

4. Conclusion:
The preliminary HPLC testing with 2um of Core-shell particles, the
retention time is short, 70% acetonitrile to 50% acetonitrile did not
change t R much. After checking the carbon loading was repeated C 18
grafting and confirmed by EDS, the carbon loading was about 35%,
compared with commercial core particles with 4µm diameter, the retention time was shorter than the 2µm of Core-shell particles. The main
reason is the small surface area and thin shell coating. Porous shell
coating may need thicker. The simple column packing by HPLC pump
had lower back pressure, so the packed column may not load the
particles in proper pressure.
The capillary column was filled by slurry packing method; the
working pressure was beyond the normal HPLC pressure limits at 4000
psi. The elution with 80% MeOH, partial particles was dissolved but
without direct evidence, the reason for this phenomenon might sol-gel
gelation reaction was not complete at the room temperature, before the
surface modification, the core-shell particles may need to calcinate at
high temperature to complete the sol-gel crossing link reaction.
Theoretically, the base catalyzing for germania shell coating on
silica core particles and surface modification with C 18 when necessary,
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the basicity catalyst favors six coordinate bonds formed for high thermal stability and solvent stability.
The future work of the germania-based particles requires the functional shell lays with porous enlargement, and cross-linked polymer
grafted with multiple binding sites, rather than linear derivatization,
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